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Modulating Nanoparticle Film Assembly Using Amphiphiles
Abstract
Nanocomposite thin films comprised of nanoparticles have shown great promise for use in electronics,
photonics, biomedical as well as energy storage and conversion devices. One versatile method for fabricating
such thin films is layer-by-layer (LbL) assembly, a process that involves sequential deposition of oppositely
charged species to create conformal thin films. The advantage of LbL assembly lies in the fact that the
properties and structure of films can be tuned by varying assembly conditions such as pH and ionic strength.
Furthermore, a variety of nanomaterials with useful properties can be incorporated within LbL assembled
thin films. Despite these advantages, there are a few limitations to using LbL assembly to fabricate
nanoparticle films: (1) Favorable film growth of all-nanoparticle LbL assembly in aqueous phase occurs
within a narrow processing window thus limiting the versatility of LbL assembly. (2) nanoparticle LbL
assembly has generally been limited to aqueous phase due to the ease of charging nanomaterials in water. (3)
The fabrication of nanoparticle films via LbL assembly is slow and typically takes several hours to complete. In
this thesis, amphiphiles will be used to address these three limitations of nanoparticle LbL assembly. The first
limitation is addressed by using a small amphiphilic molecule, hexylamine to broaden the narrow nanoparticle
LbL assembly window. In addition, an array of experimental techniques is used to reveal the mechanism
leading to a broad processing window. It will be demonstrated that the second limitation of nanoparticle LbL
assembly to aqueous phase can be overcome by using a surfactant Aerosol-OT (AOT) to charge stabilize
particles in toluene for non-polar LbL assembly. Furthermore, the effect of the surface chemistry of particles
and dispersion moisture content on the charge of particles in non-polar media is probed along with the role of
relative humidity on the LbL assembly process in non-polar media. Lastly, electrophoretic deposition (EPD)
of surfactant-charged particles in a non-polar solvent is used to rapidly assemble nanocomposite films, thus
overcoming the third limitation of nanoparticle LbL assembly.
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ABSTRACT 
 
MODULATING NANOPARTICLE FILM ASSEMBLY USING AMPHIPHILES 
Kwadwo E. Tettey  
Daeyeon Lee 
Nanocomposite thin films comprised of nanoparticles have shown great promise for use 
in electronics, photonics, biomedical as well as energy storage and conversion devices. 
One versatile method for fabricating such thin films is layer–by–layer (LbL) assembly, a 
process that involves sequential deposition of oppositely charged species to create 
conformal thin films. The advantage of LbL assembly lies in the fact that the properties 
and structure of films can be tuned by varying assembly conditions such as pH and ionic 
strength. Furthermore, a variety of nanomaterials with useful properties can be 
incorporated within LbL assembled thin films. Despite these advantages, there are a few 
limitations to using LbL assembly to fabricate nanoparticle films: (1) Favorable film 
growth of all–nanoparticle LbL assembly in aqueous phase occurs within a narrow 
processing window thus limiting the versatility of LbL assembly. (2) nanoparticle LbL 
assembly has generally been limited to aqueous phase due to the ease of charging 
nanomaterials in water. (3) The fabrication of nanoparticle films via LbL assembly is 
slow and typically takes several hours to complete. In this thesis, amphiphiles will be 
used to address these three limitations of nanoparticle LbL assembly. The first limitation 
is addressed by using a small amphiphilic molecule, hexylamine to broaden the narrow 
nanoparticle LbL assembly window. In addition, an array of experimental techniques is 
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used to reveal the mechanism leading to a broad processing window. It will be 
demonstrated that the second limitation of nanoparticle LbL assembly to aqueous phase 
can be overcome by using a surfactant Aerosol–OT (AOT) to charge stabilize particles in 
toluene for non–polar LbL assembly. Furthermore, the effect of the surface chemistry of 
particles and dispersion moisture content on the charge of particles in non–polar media is 
probed along with the role of relative humidity on the LbL assembly process in non–polar 
media. Lastly, electrophoretic deposition (EPD) of surfactant–charged particles in a non–
polar solvent is used to rapidly assemble nanocomposite films, thus overcoming the third 
limitation of nanoparticle LbL assembly. 
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Chapter 1. Introduction 
 
1.1 Background 
1.1.1 Thin Films 
Thin films are layers, a few nanometers to several microns in thickness, composed of one 
or more materials such as nanoparticles and polymers. Recently, nanocomposite thin 
films have gained considerable attention since the selected nanomaterials often have 
distinct properties, giving rise to functional films useful for numerous applications such 
as advanced electronics,
1
 catalysis,
2
 and life sciences.
3
 A few examples of common 
techniques used to fabricate thin films include drop–casting, doctor–blading, 
electrophoretic deposition, the Langmuir–Blodgett technique and spin–casting. Although 
these methods are well utilized, their use in fabricating nanocomposite thin films is 
nevertheless limited. For example, over the last two decades, chemists and materials 
scientists have synthesized an array of nanoparticles with unique properties, but the use 
of the aforementioned techniques for fabricating nanocomposite films comprised of two 
or more nanoparticles has been limited. Furthermore, in most applications, the structure 
and composition of nanocomposite thin films influences their properties and 
performance; however, precise control over the structure and composition is difficult with 
these assembly methods. Lastly, these fabrication methods are often not scalable over 
large areas (~ m
2
), severely limiting the commercial adaptation of these thin film 
assembly methods. One method that overcomes many of these challenges is layer–by–
layer (LbL) assembly, which will be discussed in the next section of this chapter. 
2 
 
1.1.2 Layer–by–layer (LbL) Assembly 
Layer–by–layer (LbL) assembly is a versatile technique for creating nanocomposite thin 
films. In the LbL assembly method, adsorption of materials containing complementary 
charged or functional groups is used to build up films.
4
 For example, electrostatic 
attraction between two oppositely charged polymers or nanoparticles, or between a 
charged nanoparticle and oppositely charged polymer can be used to assemble 
nanocomposite films as summarized in Figure 1.1. 
 
 
Figure 1.1. Schematic showing layer–by–layer assembly of oppositely charged polymers 
and nanoparticles. 
 
During electrostatic LbL assembly, the adsorption of charged material followed by 
charge neutralization, and resaturation eventually leads to surface charge reversal.
5
 
Alternation of the surface charge is therefore used to continuously deposit positively and 
negatively charged material, thus offering control over the layering sequence and 
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thickness of films.
5
 Planar supports such as glass slides are typically used for LbL 
assembly since they are charged in water. However, the versatility of LbL assembly lies 
in the fact that conformal thin films can be fabricated on various substrates such as 
porous supports, colloids and even cells.
6-16
 Furthermore, a broad range of charged 
nanoparticles, polymers and even biomolecules can be incorporated into LbL assembled 
thin films,
12, 17-23
 yielding films with unique sensing,
15, 24
 mechanical,
25, 26
 optical,
27,28
 
wetting,
22, 29
 
30, 31
 and catalytic
14, 32
 properties. The nanomaterial concentration, size, type, 
and even surface charge often need to be optimized to ensure the growth of LbL 
assembled films, therefore, variation of these assembly parameters can be used to tune 
properties such as structure and composition of thin films.
12
  
Iler in 1966 demonstrated the multilayer assembly of oppositely charged colloidal 
particles to yield particle/particle films,
33
 however, this comprehensive study did not 
receive considerable attention over the next 25 years. In the early 1990s’, Decher and co–
workers demonstrated the multi–layer assembly of polyelectrolytes, effectively 
establishing the LbL assembly field. 
34-36
 Since then, researchers primarily focused on 
polymer/polymer and polymer/nanoparticle LbL assembly systems, but Lee et. al. in 
2006 re–examined Iler’s early work, and demonstrated LbL assembly of oppositely 
charged TiO2 and SiO2 nanoparticles for all–nanoparticle thin films.
22
 These multi–
functional films were found to have superhydrophilic, anti–reflection and self–cleaning 
properties, making them potentially useful for numerous industrial and consumer 
applications involving transparent coatings on windows and lenses.
22
 Since then, 
nanoparticle/nanoparticle LbL assembly has been used to create all–nanoparticle films 
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with useful properties ranging from flame retardant coatings to energy storage and 
conversion devices.
37-39
  
 
1.2 Motivation 
Despite the numerous advantages associated with LbL assembly and the significant 
progress made in using LbL assembly to fabricate all–nanoparticle thin films, a few 
major challenges limits the versatility of this method for nanoparticle thin film assembly. 
These limitations are outlined as follows: 
 
1.2.1 Limitation of Nanoparticle LbL Assembly to a Narrow Processing Window 
In the study by Lee et. al., the growth behavior of TiO2/SiO2 nanoparticle LbL assembled 
films was found to sensitively depend on the pH of each nanoparticle suspension.
40
 
Specifically, favorable film growth (i.e. the bilayer thickness becomes commensurate 
with the size of the two nanoparticles – TiO2 7 nm and SiO2 22 nm) only occurred within 
a narrow pH range (TiO2 and pH 4.0 and SiO2 at pH 3.0). Outside this pH window, the 
average bilayer thickness was found to be typically less than 10 nm as shown below in 
Figure 1.2. 
The origin of the narrow processing window is attributed to incomplete charge 
reversal of the LbL assembled film after deposition of each nanoparticle layer. This effect 
is closely related to the charge of adsorbing nanoparticles as well as to that of previously 
adsorbed nanoparticle layers.
40
 The narrow processing window acts as a severe limitation 
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of nanoparticle LbL assembly. As previously mentioned, one of the advantages of LbL 
assembly is in the ability to use pH to tune the structure and composition of LbL 
assembled films; however, the narrow processing window of nanoparticle LbL assembly 
prevents the use of pH for controlling film properties. Furthermore, those nanomaterials 
or substrates unstable within the processing window cannot be used for LbL assembly.  
 
 
Figure 1.2. pH matrix for TiO2/SiO2 thin films composed of 22 nm SiO2 and 7 nm TiO2 
nanoparticles. Figure reproduced from reference 40. 
 
1.2.2 Limitation of Nanoparticle to Polar Solvents 
LbL assembled thin films are typically generated in solvents in which materials readily 
acquire charge such as water or high polar media (e.g. alcohol
41
 and formamides).
42,43
 
Conversely, LbL assembly in non–polar solvents (i.e. ε ~ 2 – 5)
44
 is challenging since 
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materials dispersed in such solvents do not readily acquire charge. The Bjerrum length 
(Equation 1–1) describes a characteristic ion–ion separation length at which the thermal 
energy of the system (kBT) becomes comparable to the electrostatic energy between two 
oppositely charged ions. In high polar media such as water (ε ~ 80) at room temperature, 
the Bjerrum length is 0.7 nm, therefore, a solvation layer around oppositely charged ions 
is sufficient for charge separation. The result of this is spontaneous charging of particles 
in polar media. Non–polar media, on the other hand, have much lower dielectric 
constants (e.g. toluene ε ~ 2.4), resulting in a Bjerrum length of 24 nm. At this length, a 
12 nm solvation layer has to form around each ion pair for charge separation to occur. 
This process is energetically expensive, making spontaneous charging of materials 
difficult in non–polar media. 
 
Equation 1–1. The Bjerrum length in a solvent. 
 
Materials scientists and chemists have recently developed unique nanoparticles such as 
quantum dots and magnetic nanoparticles with desirable catalytic, optical and electrical 
properties.
45-48
 Incorporating such nanomaterials into nanoparticle thin films would give 
rise to films with properties for advanced applications. These nanomaterials, however, are 
typically synthesized and dispersed in non–polar solvents and are therefore not used for 
LbL assembly since they do not spontaneously acquire charge. Such materials also have 
poor solubility and stability in water, and making them water–soluble for LbL assembly 
in aqueous phase would involve additional steps such as surface treatment or ligand 
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exchange, which, in many cases, is not trivial to accomplish. In addition, these steps are 
time consuming and can lead to loss of functionality of the nanomaterials. Furthermore, 
the choice of water as a solvent for LbL assembly limits the use of nanomaterials, which 
are water sensitive. For example, some polymers and nanoparticles lose their unique 
properties in water, while substrates could even dissolve in water.
42, 49
 
 
1.2.3 Limitation of Nanoparticle LbL Assembly Rate 
A key challenge to the practical application of nanoparticle LbL assembly is in the slow 
processing speed for assembly of thin films.
50
 Conventional nanoparticle LbL assembly is 
typically performed as a solution–dipping method in which a substrate is immersed in 
nanoparticle suspensions for ~10–15 minutes after which saturation is reached, followed 
by ~5 minute immersion in rinse baths.
50
 In turn, it can take several hours or days to 
fabricate nanoparticle films with a targeted thickness. Several approaches such as spin– 
and spray–assisted deposition have been used to accelerate the LbL assembly process, 
however, the spray–assisted method is limited by waste and drainage of solutions while 
the spin–assisted method is limited to small surface areas.
51
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1.3 Thesis Objectives and Outline 
1.3.1 Objectives 
The main goal of this thesis is to address the three limitations of LbL assembly for 
creating all–nanoparticle films; in particular, this thesis will use amphiphilic molecules to 
fulfill the following objectives: 
1. Widening the narrow processing window of nanoparticle LbL assembly 
2. Demonstrating nanoparticle LbL assembly in non–polar media 
3. Rapidly assembling all–nanoparticle films 
 
1.3.2 The Role of Amphiphiles 
Amphiphiles, by definition are molecules with two different moieties, a hydrophilic 
(polar) head group and hydrophobic (non–polar) tail group. The hydrophobic tail groups 
are typically hydrocarbon chains while a host of functional groups such as alcohols, 
amines, sulfates, phosphates or carboxylates could form the head group.
52
 The polar head 
group tends to show a strong affinity for polar solvents such as water while the non–polar 
tail portion prefers oils. The polar head group of conventional amphiphiles can be further 
classified as charged (ionic) or neutral (non–ionic). Surface–active agents, commonly 
known as surfactants form a major part of the amphiphile family. These amphiphiles tend 
to adsorb at various surfaces and interfaces (e.g. oil–water and air–water). Adsorption of 
surfactants at a surface or interface results in a reduction of the interfacial tension 
between two fluids or a solid–liquid interface. Many types of surfactants in bulk solution 
tend to form molecular aggregates termed micelles. Micellization takes place above a 
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narrow concentration range, the critical micelle concentration (CMC). In polar media 
such as water, micellization involves the arrangement of the polar head group in contact 
with the surrounding solvent, while the non–polar tail remains in the micelle center 
(normal phase micelles). In oil however, this process involves the arrangement of the 
polar head group in the micelle center, while the non–polar tail extends out 
(inverse/reverse micelles).  
Prior studies have shown that surface modification of nanoparticles using an 
oppositely charged polymer
53
 or a covalently–bonded ligand
54
 enhances the growth of 
polyelectrolyte/nanoparticle LbL assembled films. Low molecular weight amphiphiles 
have also been shown to facilitate efficient attachment of various metal oxide 
nanoparticles to air–water
55
 and oil–water
56
 interfaces. Furthermore, adsorbed 
amphiphiles have been shown to change surface properties such as charge and 
hydrophobicity more than standard electrolytes and do not react with solids unlike some 
elctrolytes.
57
 These findings suggest that the adsorption of amphiphiles at the 
nanoparticle interface can be used as an effective means of changing the surface 
properties of nanoparticles, thus making the use of amphiphiles beneficial for addressing 
the three limitations of nanoparticle LbL assembly outlined in the Objectives section. 
 
1.3.3 Thesis Outline 
Chapter 2 addresses the limitation of nanoparticle LbL assembly to a narrow processing 
window. It will be shown that a small amphiphilic molecule can be used to broaden the 
narrow nanoparticle LbL assembly processing window. The TiO2/SiO2 nanoparticle LbL 
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assembly employed by Lee et. al. is used as a model system and an array of experimental 
techniques will be used to reveal the mechanism leading to a broad  processing window. 
Chapter 3 addresses the limitation of nanoparticle LbL assembly to aqueous phase. 
In this chapter, it will be demonstrated that nanoparticle LbL assembly can be performed 
in non–polar solvents. This is achieved by using an anionic amphiphile to charge stabilize 
common particles in a non–polar solvent. The effect of the surface chemistry of particles 
and dispersion moisture content on the charge of surfactant–stabilized particles in non–
polar solvents is probed in Chapter 4 while Chapter 5 examines the role of moisture 
content (as controlled by relative humidity) on the LbL assembly process in non–polar 
solvents. It will be shown in Chapter 6 that this new LbL assembly process in non–polar 
solvents can be used to create functional photocatalytic and conductive nanocomposite 
thin films. 
Chapter 7 addresses the third limitation of LbL assembly for nanoparticle thin 
film fabrication by showing that surfactant– and polymer–stabilized particles in non–
polar solvents can be used to assemble thin films via electrophoretic deposition (EPD), 
which is a rapid film fabrication method. This chapter will show that 
nanoparticle/nanoparticle or even polymer/nanoparticle films can be assembled in 
relatively short times compared to LbL assembly. In addition, the shortcomings to 
performing EPD in non–polar solvents will be addressed. Lastly, this dissertation 
concludes with Chapter 8, which gives a brief summary on the new role of the 
amphiphiles on the assembly of nanoparticle films and gives recommendations for future 
studies. 
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Chapter 2. Modulating Layer–by–Layer Assembly 
of Oppositely Charged Nanoparticles Using a Short 
Amphiphilic Molecule 
 
Reprinted (adapted) with permission from K. E. Tettey, J. W. C. Ho, D. Lee.  Modulating Layer–by–Layer 
Assembly of Oppositely Charged Nanoparticles Using a Short Amphiphilic Molecule. Journal of Physical 
Chemistry C, 2011, 115, 6297–6304. Copyright (2011) American Chemical Society. 
 
2.1 Introduction 
Recently, LbL assembly has been used to create all–nanoparticle thin film coatings with 
useful properties.
22, 38, 39, 58
 A report by Lee et al., for example, describes all–nanoparticle 
thin films consisting of titania (TiO2) and silica (SiO2) nanoparticles that have 
superhydrophilic, anti–reflection and self–cleaning properties, making them useful for 
numerous industrial and consumer applications involving transparent windows and 
lenses.
22
 However, the growth of nanoparticle LbL assembled films was found to occur 
within a narrow processing window in that study, which limits the versatility of LbL 
assembly for fabricating nanoparticle thin films. The goal of this chapter’s study is to 
widen the processing window for the fabrication of all–nanoparticle LbL assembly thin 
films. To achieve this goal, the nanoparticles used by Lee et. al. (TiO2/SiO2) will be used 
as a model system. The expansion of the processing window will be achieved by 
introducing a short amphiphilic molecule, hexylamine,
56
 into SiO2 nanoparticle 
suspensions. Hexylamine (Figure 2.1) has a six–carbon long hydrophobic tail group and a 
hydrophilic head group which becomes positively charged below its pKa of 10.56.
59
 The 
adsorption of short amphiphilic molecules such as hexylamine on charged particles has 
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been shown to strongly reduce their zeta potential compared to standard electrolytes.
57
 
The high solubility and high critical micelle concentration of small amphiphiles also 
make them favorable for surface modification of nanoparticles.
55
 It is expected that by 
modifying SiO2 nanoparticles with an amphiphilic molecule, hexylamine, the processing 
window for LbL assembly of all–nanoparticle films could be widened over the same pH 
range previously reported by Lee et. al.
40
 This new approach could prove to be a 
convenient way of generating all–nanoparticle LbL assembly films over a wide 
processing window. 
 
 
Figure 2.1. Chemical structure of hexylamine 
 
2.2 Experimental Section 
2.2.1 Materials 
Titania (TiO2) nanoparticle suspensions (STS–100, 7 nm diameter, 18 wt% solution) was 
generously provided by Ishihara Sangyo Kaisha, Ltd. Silica (SiO2) nanoparticle 
suspensions (Ludox TM–40, 22 nm diameter, 40 wt% solution) is purchased from 
Sigma–Aldrich. Hexylamine (99% solution), propianic acid and sodium dodecyl sulfate 
is also purchased from Sigma–Aldrich. Silicon wafers with <100> crystalline orientation 
is obtained from University Wafer.  
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2.2.2 TiO2/SiO2 Thin Film Assembly 
Nanoparticle suspensions of TiO2 at 0.03 wt % and of SiO2 at 0.03 wt % are prepared in 
deionized (DI) water (18 MΩ cm, purified by a Barnstead Nanopure System). 
Nanoparticle suspensions are titrated to the appropriate pH with 1.0 M HCl or 1.0 M 
NaOH. Si wafers for LbL are used as received. An HMS dipper (Carl Zeiss) is 
programmed to expose substrates to TiO2 nanoparticle suspension for 10 min followed by 
2, 1 and 1 min of rinse steps in DI water, then SiO2 nanoparticle suspension for 10 min 
followed by 2, 1 and 1 min of rinse steps in DI water. A bilayer represents the LbL film 
layer that is obtained after one cycle of this procedure. Films with 3, 6, 9 and 12 bilayers 
are assembled on silicon wafers. The pH of each nanoparticle solution is checked every 
three bilayers and re–adjusted to the appropriate pH if necessary. Modified nanoparticles 
are prepared by adding appropriate volume of either hexylamine, propianic acid or 
sodium dodecyl sulfate to 0.03 wt % nanoparticle suspension followed by stirring and 
titration to the desired pH. 
 
2.2.3 Characterization of Nanoparticle Suspensions and LbL Thin Films 
Particle size and zeta potential measurements are performed with a Delsa Nano C 
(Beckman Coulter). Film thickness measurements are performed with an Alpha–SE 
ellipsometer (J.A. Woollam). Measurements are taken at an incidence angle of 70° and at 
wavelengths from 380 to 900 nm. Zeta potential measurements of LbL films assembled 
on Si wafers are also performed with the Delsa Nano C (Beckman Coulter). 
Measurements are made with a flat surface cell in which the LbL film is the upper cell 
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surface. Standard latex particles are used as probe particles to characterize the surface 
charge state of the LbL films. The velocity profile of the latex particles undergoing 
electrophoresis through the cell are fitted to the Mori and Okamoto equation
60
 from 
which the zeta potential of the film is calculated by using the Smoluchowski equation 
shown below in Equation 2–1.  
 
Equation 2–1. Smoluchowski equation
 
 
Here, represents the zeta potential,  the electrophoretic mobility,  the viscosity of 
water and o , r  are the dielectric constants of vacuum and water, respectively. For the 
first sample, a 6.5 bilayer film is assembled at TiO2 3.0/SiO2 5.0.
*
 Measurements are 
made with the probe particles at pH 5.0. The second sample is assembled at TiO2 
3.0/SiO2 5.0 with 10 mM hexylamine in SiO2 nanoparticle suspensions used for LbL 
assembly and with 10 mM hexylamine in the probe particle suspension.  
The fate of hexylamine within TiO2/SiO2 LbL thin films is probed with Fourier 
transform infrared (FTIR) spectroscopy. A 5–bilayer film is assembled on a CaF2 FTIR 
window (Thorlabs Inc.). FTIR spectra are taken before and after the final rinse steps in 
DI water. The last three DI water rinse baths are changed to ensure that the rinse baths are 
                                                          
*
 pH assembly conditions are represented as: pH of TiO2 nanoparticle suspensions / pH of SiO2 
nanoparticle suspensions. E.g. TiO2 3.0/ SiO2 5.0 represents TiO2 suspensions at pH 3.0 and SiO2 
suspensions at 5.0 
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not contaminated with hexylamine. A Nicolet 8700 FTIR spectrometer (Thermo 
Scientific) is used for data acquisition. 
 
2.2.4 QCM Measurements 
SiO2–coated QCM crystals (Q–Sense) are cleaned by immersing in 2 wt % sodium 
dodecyl sulfate (SDS) solution for 30 min followed by rinsing with DI water, drying with 
nitrogen, and 10 min oxygen plasma treatment. Frequency shift measurements are 
performed with an E4 quartz crystal microbalance with dissipation monitoring (QCM–D 
by Q–Sense). For LbL film assembly on QCM crystals, the frequency shift is monitored 
in air for ~ 5 min after which DI water is flowed through the QCM–D measuring module. 
Once a steady baseline in water is obtained, nanoparticle suspensions are flowed into the 
module for 10 min. Within this time, the adsorption of nanoparticles reaches saturation. 
Following this, water is flowed for 5 min as the rinse step. Hexylamine adsorption studies 
are performed by assembling the appropriate number of bilayers on QCM crystals 
followed by drying the crystal with nitrogen. The crystal is re–loaded into the QCM 
module and a baseline in water is obtained before introducing the desired concentration 
of hexylamine into the module. Hexylamine solutions are prepared in DI water with no 
pH adjustments. A flowrate of 100 μL/min is used for all measurements. All frequency 
shift data presented are from the third overtone. 
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2.3 Results and Discussion 
2.3.1 Widening the Processing Window of TiO2/SiO2 LbL Thin Film Assembly 
The growth behavior of LbL films is well known to depend on solution properties such as 
pH and ionic strength.
12
 Prior knowledge of the growth behavior of LbL films is 
beneficial for selecting assembly conditions that lead to the fabrication of films with 
properties necessary for the desired applications. As covered in the Introduction of this 
thesis, a previous report by Lee et al., mapped out the growth behavior of TiO2/SiO2 all–
nanoparticle LbL thin films for different pH conditions as shown in Figure 1.2.
40
 In that 
study, the pH range examined was 2.0 – 4.0 for TiO2 nanoparticles and 2.0 – 5.0 for SiO2 
nanoparticles. In order to create the pH matrix, the incremental thickness after each cycle 
of exposing substrates to TiO2 and SiO2 nanoparticle suspensions (which is referred to as 
the average bilayer thickness) was determined for TiO2/SiO2 LbL films assembled at each 
pH condition. Figure 1.2 shows that the growth behavior of LbL nanoparticle films is 
strongly dependent on the pH of SiO2 and TiO2 nanoparticle suspensions. More 
importantly, favorable film growth (i.e. an average bilayer thickness commensurate with 
the size of the two nanoparticles) is found to occur within a narrow processing window 
(pH 3.0 – 4.0 for both SiO2 and TiO2 nanoparticle suspensions) and maximum growth 
occurrs at pH 4.0 and 3.0 for TiO2 and SiO2 nanoparticle suspensions, respectively. 
Outside this range, the average bilayer thickness is much smaller than the size of the two 
nanoparticles, indicating that dense layers of nanoparticles are not formed during each 
deposition step. This result suggests that the surface charge of SiO2 and TiO2 
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nanoparticles, which depends on the solution pH, plays a significant role in the assembly 
of all–nanoparticle thin films. 
In the study presented in this chapter, widening the processing window (i.e. 
significant film growth over a wide pH range), is achieved by adding a small amphiphilic 
molecule, hexylamine (HA), to SiO2 nanoparticle suspensions. At pH values below the 
pKa of HA (10.56),
59
 the amine group (–NH2) of HA protonates to –NH3
+
. This 
protonation yields a positively charged molecule which interacts with negatively charged 
SiO2 nanoparticles, thus, HA is only added to SiO2 nanoparticle suspensions and not to 
TiO2 nanoparticle suspensions. Figure 2.2 shows the change in average bilayer thickness 
with respect to the concentration of HA in SiO2 nanoparticle suspensions for various 
assembly conditions. This result demonstrates that the growth behavior of films can be 
systematically changed by varying the concentration of HA; specifically, the average 
bilayer thickness for assembly conditions with small growth (e.g. SiO2 at pH 5.0) can be 
increased by raising the concentration of HA present in SiO2 nanoparticle suspensions 
(Figure 2.2c). Conversely, the assembly condition for good film growth (e.g. TiO2 
4.0/SiO2 3.0) shows an initial increase in the average bilayer thickness followed by a 
decrease in average bilayer thickness as the concentration of HA exceeds 1 mM (Figure 
2.2b). The result presented in Figure 2.2 suggests that there is an optimal concentration of 
HA required to maximize film growth. 
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Figure 2.2. Average bilayer thickness for TiO2/SiO2 films assembled at different TiO2 
and SiO2 pH at (a) 2.0, (b) 3.0, (c) 4.0 and (d) 5.0 and with increasing concentrations of 
hexylamine in SiO2 nanoparticle suspensions 
 
The pH matrix shown in Figure 2.3a shows the film thickness per bilayer for each 
assembly condition with 1 mM of hexylamine (HA) present in SiO2 nanoparticle 
suspensions. From this result, it is clear that the processing window widens upon adding 
HA into SiO2 nanoparticle suspensions. For the majority of assembly conditions, the film 
thickness per bilayer substantially increases after adding 1 mM HA into the SiO2 
nanoparticle suspension (Figure 2.3a) compared with films assembled without HA in 
SiO2 nanoparticle suspensions (Figure 1.2). The all–nanoparticle films assembled with 
HA in SiO2 nanoparticle suspensions are uniform and transparent when the assembly pH 
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of SiO2 nanoparticles is between 2.0 and 5.0 and that of TiO2 nanoparticles is between 
2.0 and 4.0. Figure 2.3b demonstrates that the film growth for each pH condition can be 
further enhanced by varying the concentration of HA present in SiO2 nanoparticle 
suspensions. 
 
 
Figure 2.3. pH matrix for TiO2/SiO2 LbL thin films with (a) 1 mM hexylamine in SiO2 
nanoparticle suspensions and (b) different concentrations of hexylamine in SiO2 
nanoparticle suspensions. 
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2.3.2 Zeta Potential and Stability of Nanoparticle Suspensions  
To understand the mechanism contributing to the increased growth of TiO2/SiO2 LbL 
films upon adding hexylamine (HA), the effect of HA on the zeta potential and size of 
SiO2 nanoparticles is investigated. Figure 2.4a compares the zeta potential of SiO2 
nanoparticles with 1 mM HA in SiO2 nanoparticle suspensions to the case with no HA in 
SiO2 nanoparticle suspension for different pH values. Below pH 2.0, the charge of SiO2 
nanoparticles is near neutral, thus, weak electrostatic interactions between the surface of 
films and SiO2 nanoparticles is expected. This likely leads to negligible film growth for 
this assembly condition as shown in Figure 1.2 and Figure 2.3. From these zeta potential 
measurements, it is evident that HA suppresses the surface charge of SiO2 nanoparticles 
in solution. Under acidic conditions, HA becomes positively charged through protonation 
– an equilibrium reaction. The adsorption of these positively charged species on 
negatively charged SiO2 nanoparticles results in the suppression of the surface charge of 
SiO2 nanoparticles as observed in Figure 2.4a. The suppression of SiO2 nanoparticle 
charge is also found to depend on the concentration of HA as demonstrated by the case of 
SiO2 nanoparticle suspensions at pH 5.0 (Figure 2.4b). As the concentration of HA is 
increased, more positively charged HA molecules adsorb on the surface of SiO2 
nanoparticles and reduce the surface charge as reflected by the observed decrease in the 
magnitude of zeta potential (Figure 2.4b). The suppression of surface charge of SiO2 
nanoparticles leads to the formation of dense SiO2 nanoparticle layers on the surface 
since the electrostatic repulsion between SiO2 nanoparticles is diminished. The 
modification of SiO2 nanoparticle surface charge in suspension is one of the important 
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mechanisms by which the growth of TiO2/SiO2 LbL film is significantly enhanced. This 
mechanism will be thoroughly discussed in a subsequent section of Results and 
Discussion. For high concentrations of HA (50 mM), however, the surface charge of SiO2 
nanoparticles at pH 5.0 is near neutral and at such assembly conditions the average 
bilayer thickness begins to decrease (Figure 2.2) due to weak electrostatic interactions 
between SiO2 nanoparticles and the surface of the LbL film. Similarly, the surface charge 
of unmodified SiO2 nanoparticles at pH 3.0 is relatively low so that upon adding 10 mM 
HA into SiO2 nanoparticle suspensions, the bilayer thickness drastically drops as 
observed for a TiO2 4.0/SiO2 3.0 assembly condition (Figure 2.2). Previous studies have 
demonstrated a similar effect in which particle adsorption density was found to depend 
on the charge density of nanoparticles.
61, 62
  
Since HA effectively reduces the surface charge of SiO2 nanoparticles, the 
stability of the particles in suspension is of concern. To probe the stability of SiO2 
nanoparticles, the size of nanoparticles is measured using dynamic light scattering (DLS). 
An increase in measured particle size typically indicates that particles are aggregating in 
solution. Surprisingly, there is little change in SiO2 nanoparticle size with pH (Figure 
2.5a) in the absence of HA as well as in the presence of 1 mM HA. Furthermore, SiO2 
nanoparticles are stable close to its isoelectric point of pH 2.0. The peculiar behavior of 
stable SiO2 nanoparticles near its isoelectric point has previously been observed
63, 64
 and 
is believed to be a result of a hydration layer around SiO2 nanoparticles which retards the 
flocculation of the nanoparticles.
65
 The size dependence of SiO2 nanoparticles with 
increasing concentration of HA is also measured (Figure 2.5b) at pH 3.0 and 5.0. The 
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results again show that the particle size does not vary significantly with increasing 
concentration of HA and that SiO2 nanoparticles remain colloidally stable within the pH 
and HA concentration ranges tested in this study. The excellent colloidal stability of SiO2 
nanoparticles as well as their reduced surface charge in the presence of HA at different 
pH conditions leads to the enhanced growth of uniform LbL films.  
 
Figure 2.4. Zeta potential of SiO2 nanoparticles as a function of (a) pH for: no 
hexylamine  and 1 mM hexylamine (b) concentration of hexylamine at pH 5.0. Error bars 
represent standard deviation of three measurements. 
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Figure 2.5. Number average particle diameter for SiO2 nanoparticles as a function of (a) 
pH with no hexylamine and 1 mM hexylamine, and (b) concentration of hexylamine at 
pH 3.0 and pH 5.0. Error bars represent standard deviation for three measurements. 
 
Interestingly, the addition of HA or negatively charged amphiphiles in TiO2 suspension 
does not enhance the growth behavior of TiO2/SiO2 LbL films significantly. The addition 
of HA to TiO2 nanoparticle suspensions leads to significant nanoparticle aggregation 
(Figure 2.6a), thus making these amphiphile modified TiO2 nanoparticles unsuitable for 
24 
 
film assembly. Furthermore, a short carboxylic acid, propanoic acid, did not suppress the 
charge of TiO2 nanoparticles at pH 3.0 (Figure 2.6b) and even an anionic amphiphile, 
sodium dodecyl sulfate (SDS), added to TiO2 nanoparticle suspensions did not change the 
film growth significantly as shown in Table 2.1. For these reasons, this investigation 
focused on the growth of TiO2/SiO2 LbL films upon adding HA to SiO2 nanoparticle 
suspensions. 
 
 
Figure 2.6. (a) Number average particle diameter for TiO2 nanoparticles as a function of 
the concentration of hexylamine at pH 3.0. Zeta Potential measurements for TiO2 
nanoparticles with increasing concentrations of (b) propianic acid and (c) hexylamine at 
pH 3.0. The zeta potential of unmodified TiO2 nanoparticles is 52.1 4 mV. Error bars 
represent standard deviations for three measurements. 
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Table 2.1. Comparison of thickness measurements for TiO2/SiO2 LbL films assembled 
with amphiphile modified nanoparticles to films assembled without amphiphile in 
nanoparticle suspensions. 
 
 
Film thickness (nm) for TiO2 3.0/SiO2 5.0 assembly condition 
Number of 
bilayers 
No amphiphile in 
suspensions 
1 mM Hexylamine in 
SiO2 suspension 
1 mM Sodium Dodecyl 
Sulfate in TiO2 suspension 
3 21.9  0.1 37.6  0.7 18.5  0.3 
12 46.1  3.3 143.8  0.1 49.9  0.6 
 
2.3.3 LbL Thin Film Assembly Monitored by Quartz Crystal Microbalance 
To confirm the significantly denser adsorption of SiO2 nanoparticles upon adding HA, 
quartz crystal microbalance (QCM) measurements are taken to monitor the real time 
deposition of nanoparticles during LbL assembly. Figure 2.7a shows that for TiO2 
3.0/SiO2 5.0 assembly condition without HA, the film growth is significantly smaller than 
TiO2 3.0/SiO2 3.0 assembly condition without HA. This result agrees with the 
observation made in the pH matrix (Figure 1.2) in which negligible film growth occurred 
for TiO2 3.0/SiO2 5.0. The frequency shifts, however, show that there is a significant 
increase in the growth of TiO2 3.0/SiO2 5.0 films upon adding 10 mM HA into SiO2 
nanoparticle suspensions. This result also agrees with the observation made in Figure 2.2 
where film growth is significantly increased upon adding 10 mM HA for this same 
assembly condition. Figure 2.7b and Figure 2.7c compares the frequency shifts after 
deposition of SiO2 and TiO2 nanoparticles, respectively. For SiO2 nanoparticles, the 
magnitude of the frequency shift is seen to increase 6 – 10 fold in the presence of 10 mM 
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HA. This result confirms that when 10 mM HA is present in SiO2 nanoparticle 
suspensions, the suppression of charge indeed leads to increased deposition of SiO2 
nanoparticles on the surface, thus forming thicker LbL films. Conversely, the changes 
seen in the frequency shifts during the deposition of TiO2 nanoparticles is less 
pronounced for each of the three assembly conditions, thus suggesting that the 
suppression of SiO2 nanoparticle charge does not significantly affect the deposition of 
TiO2 nanoparticles. 
 
 
Figure 2.7. (a) QCM frequency shifts for LbL deposition of TiO2/SiO2 under different 
assembly conditions. Frequency shifts after deposition of (b) SiO2 nanoparticles and (c) 
TiO2 nanoparticles for different assembly conditions. 
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2.3.4 Zeta Potential of TiO2/SiO2 LbL Thin Films  
In the previous report by Lee et al., the surface charge of the outermost LbL film layer 
was believed to contribute to the narrow processing window of LbL films.
40
 More 
specifically, incomplete charge reversal of the film surface after depositing each 
nanoparticle layer was found to lead to little adsorption of nanoparticles in the subsequent 
deposition step, thus, yielding negligible growth of TiO2/SiO2 LbL films. In addition to 
influencing the surface charge of suspended SiO2 nanoparticles, it is plausible that 
hexylamine (HA) influences the charge of previously adsorbed nanoparticles in the film, 
thus leading to an increase in bilayer thicknesses. To understand the role of HA during 
film assembly, the zeta potential of TiO2/SiO2 LbL films in the presence of HA is 
characterized. Zeta potential measurements (Figure 2.8) are made for 6.5 bilayer films 
assembled at TiO2 3.0/SiO2 5.0. This pH combination represents an assembly condition 
that yields negligible incremental film thickness without added HA (average bilayer 
thickness is 1.6 nm) as shown in Figure 1.2. The average bilayer thickness, however, 
drastically increases to 21.9 nm upon adding 10 mM HA to SiO2 nanoparticle 
suspensions as seen in Figure 2.2 and Figure 2.3b. 
A 6.5 bilayer film in pH 5.0 solution represents a state in which the outermost 
LbL layer consist of TiO2 nanoparticles with SiO2 nanoparticles in suspension (at pH 5.0) 
adsorbing onto the TiO2 nanoparticle layer. The pH of the testing solution during zeta–
potential measurement is adjusted to 5.0 to mimic such condition. For films assembled 
with no HA, the zeta potential of the film surface is negative which confirms the 
incomplete charge reversal after depositing TiO2 nanoparticles.
40
 At pH 3.0 (during the 
28 
 
TiO2 nanoparticle adsorption step) SiO2 nanoparticles on the surface are weakly charged, 
thus, a small number of TiO2 nanoparticles are needed to compensate the SiO2 
nanoparticle layer. When the TiO2 nanoparticle coated film is transferred to pH 5.0 
solution, the SiO2 nanoparticle layer beneath the outermost TiO2 nanoparticles becomes 
strongly negatively charged (see Figure 2.4a for the dependence of the zeta potential of 
SiO2 nanoparticles on pH). As a result of this, the net surface charge becomes negative 
(Figure 2.8 and Figure 2.9a) at pH 5.0 despite the fact that the outermost layer consist of 
positively charged TiO2 nanoparticles.
40
 The net negative surface charge leads to 
negligible adsorption of similarly charged SiO2 nanoparticles as they approach the 
surface from solution. This negligible adsorption of SiO2 nanoparticles most likely 
explains the small film growth observed at this assembly condition. 
 
Figure 2.8. Zeta potential of 6.5 bilayer TiO2/SiO2 LbL thin film assembled at TiO2 
3.0/SiO2 5.0 with no HA in SiO2 nanoparticle suspensions or testing solution (left bar) 
and with 10 mM HA in SiO2 nanoparticle suspensions and testing solution (right bar). 
Error bars represent standard deviation for three measurements. 
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Conversely, the TiO2 3.0/SiO2 5.0 6.5 bilayer film assembled with 10 mM HA in SiO2 
nanoparticle suspensions is found to have a positive surface zeta potential. This charge 
inversion from negative to positive in the presence of HA is most likely induced by the 
adsorption of HA on SiO2 nanoparticles within the previously formed TiO2/SiO2 LbL 
layers. The adsorbed HA suppresses the negative charge of SiO2 nanoparticles within the 
film and thus, the net surface charge becomes positive (Figure 2.8 and Figure 2.9b). Since 
there is now charge inversion of the surface, more SiO2 nanoparticles can adsorb onto the 
surface, thus forming thicker TiO2/SiO2 films in agreement with the results seen in Figure 
2.3a and Figure 2.3b.  Fourier transform infrared (FTIR) spectra (Figure 2.10) also 
confirm that HA adsorbs into TiO2/SiO2 LbL film and show that HA remains within the 
film even after rinsing. 
 
Figure 2.9. Representation of LbL assembly of TiO2/SiO2 films with (a) no HA present 
in SiO2 nanoparticle suspensions yielding a net negative film surface charge and (b) HA 
in SiO2 nanoparticle suspensions yielding a net positive film surface charge.  
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Figure 2.10. FTIR spectra of 5 bilayer TiO2/SiO2 LbL film assembled at TiO2 3.0/SiO2 
5.0 with 10 mM HA in SiO2 nanoparticle suspensions before rinse (red line) and after 
rinse (black line). Peaks characteristic to the alkane chains of hexylamine are observed 
before and after rinsing. 
 
The adsorption of HA onto SiO2 nanoparticles within the films is probed with QCM. 
Figure 2.11a shows the frequency shifts as a function of time after introducing 10 mM 
HA onto a blank QCM crystal with SiO2 surface as well as crystals with 2, 4 and 6 
bilayers of TiO2/SiO2 LbL film atop SiO2 QCM crystals. Although HA interacts with the 
bare crystal, the increasing frequency shifts with the number of deposited bilayers 
suggests that HA also interacts with SiO2 nanoparticles within the LbL film.
†
 The 
frequency shifts scale with the number of deposited bilayers, suggesting that HA is 
interacting with SiO2 nanoparticles throughout the film as opposed to the outermost SiO2 
                                                          
†
 Negligible change in the zeta potential of TiO2 nanoparticles with increasing concentratuon of 
hexylamine (Figure 2.6c) suggest that HA does not interact with the surface of TiO2 nanoparticles. From 
this result, it can be inferred that HA does not interact with TiO2 nanoparticles within the LbL film formed 
on the crystal so that the observed frequency shifts are only from the adsorption of HA onto SiO2 
nanoparticles within the film. 
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nanoparticle layer. The frequency shifts upon introducing increasing concentrations of 
HA onto a 6–bilayer film are also compared as shown in Figure 2.11b. This result 
suggests that as the concentration is increased, more HA adsorbs onto SiO2 nanoparticles 
within the film, thus leading to the observed increase in frequency shifts.  
 
 
Figure 2.11. (a) QCM frequency shifts as a function of time for a blank QCM crystal 
(solid line) and 2, 4 and 6 bilayers of TiO2/SiO2 LbL film assembled on the crystal 
(dashed lines). (b) Frequency shifts as a function of hexylamine concentration for a 6–
bilayer TiO2/SiO2 LbL film. 
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The combination of zeta potential of LbL films and QCM measurements confirm that 
adsorption of HA on SiO2 nanoparticles within the film leads to charge inversion of the 
surface, thus enhancing LbL film growth. In addition to the film surface charge inversion 
effect, the decrease in surface charge of SiO2 nanoparticles upon adding HA (Figure 2.4) 
leads to the enhanced growth of TiO2/SiO2 LbL films as discussed earlier. The decrease 
in surface charge results in more SiO2 nanoparticles adsorbing on the surface to 
compensate the positive charge of the previous layer. Furthermore, the electrostatic 
repulsion between SiO2 nanoparticles is reduced so that SiO2 nanoparticles pack densely, 
leading to thicker films. Previous studies have observed a similar effect of obtaining 
greater surface coverage of nanoparticles by suppressing the electrostatic repulsion 
between particles via increasing the ionic strength of particle suspensions or by reducing 
the surface charge of particles via changing the suspension pH.
61, 62, 66-68
 In short, the 
suppression of SiO2 nanoparticle charge and the charge inversion of the LbL films due to 
the adsorption of HA on SiO2 nanoparticles within LbL films contribute to the observed 
increase in LbL film growth.  
 
2.4 Conclusions 
In conclusion, the study presented in this chapter demonstrated that a small amphiphilic 
molecule, hexylamine (HA), can be used to widen the processing window of all–
nanoparticle TiO2/SiO2 LbL thin films. Upon adding HA into SiO2 nanoparticle 
suspensions, the zeta potential of nanoparticles is seen to decrease, yet SiO2 nanoparticles 
33 
 
remained colloidally stable. The growth of TiO2/SiO2 LbL films is shown to significantly 
increase compared to a prior study within the same pH range. Using zeta potential 
measurements, the adsorption of HA onto TiO2/SiO2 LbL films is found to result in 
charge inversion of the surface, enabling the adsorption of negatively charged SiO2 
nanoparticles. Furthermore, quartz crystal microbalance (QCM) measurements showed 
that the suppression of SiO2 nanoparticle charge leads to more SiO2 nanoparticles being 
adsorbed on the film, thus yielding thicker films. This new approach of using short 
amphiphilic molecules to enhance the growth of nanoparticle LbL thin films will 
undoubtedly be useful for successfully performing LbL assembly of oppositely charged 
nanomaterials in a broad pH range.  
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Chapter 3. Layer–by–Layer Assembly of Charged 
Particles in Non–Polar Media 
 
Reprinted (adapted) with permission from Tettey, K. E.; Yee, M. Q.; Lee, D. Layer–by–Layer Assembly of 
Charged Particles in Nonpolar Media. Langmuir, 2010, 26, 9974–9980. Copyright (2010) American 
Chemical Society. 
 
3.1 Introduction 
Nanoparticle later–by–layer (LbL) assembled thin films have traditionally been 
assembled in aqueous solution or, in some instances, in polar media such as alcohol
41
 and 
formamides.
42,43
 Materials synthesized in non–polar solvents are typically not suitable 
candidates for LbL assembly due to their poor solubility and stability in aqueous solution. 
This limitation can be an obstacle to generating functional LbL thin films since a large 
number of unique nanomaterials such as quantum dots, magnetic nanoparticles, and 
polymers are indeed synthesized in non–polar solvents.
45-48
 LbL assembly in non–polar 
solvents (i.e. ε ~ 2 – 5)
44
 is challenging because materials dispersed in non–polar solvents 
typically do not acquire charge. This fundamental limitation has most likely inhibited 
attempts to performing LbL assembly in non–polar solvents.  
Although materials dispersed in non–polar solvents generally do not acquire 
charge, recent studies have shown that the addition of an amphiphilic surfactant such as 
Aerosol–OT (sodium bis(2–ethylhexyl) sulfosuccinate), shown in Figure 3.1, can impart 
charge on particles in non–polar solvents.
44, 69-71
 The stabilization of colloidal particles in 
non–polar solvents has been shown to occur through electrostatic repulsion. The 
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repulsive forces between particles have been directly measured,
72,73
 indicating that 
electrostatic effects are significant under appropriate conditions. It is believed that the 
adsorption of added surfactants onto particles and the presence of surfactant reverse 
micelles in solution play a crucial role in inducing surface charge on particles.
44
 Although 
the exact charging mechanism via these charge control agents (CCAs) is not completely 
understood,
69
 three mechanisms have been proposed: 
74-76
  
1.  Preferential adsorption of either anions or cations of dissociated electrolyte  
2. Dissociation of surface anions or cations and their subsequent stabilization in 
reverse micelles  
3.  Adsorption of neutral solute followed by ion exchange between particle surface 
groups and solute, and subsequent desorption of solute as a charged complex  
 
Figure 3.1. (a) Chemical structure of AOT and (b) depiction of AOT reverse micelles. 
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The aim of the study covered in this chapter is to demonstrate that LbL assembly of 
charged particles can be achieved in a non–polar solvent. Commonly available particles, 
namely carbon black (CB) and Al2O3, are used as two species to be incorporated into thin 
films via LbL assembly from a common non–polar solvent, toluene. AOT is added to 
suspensions of CB and Al2O3 in toluene to impart surface charge onto these particles. It 
will be shown that nanocomposite thin films of CB and Al2O3 can be assembled on glass 
slides based on LbL assembly. Furthermore, the composition and growth behavior of the 
CB/Al2O3 films can be varied by independently controlling the concentrations of AOT in 
each particle suspension. The results demonstrate that LbL assembly of charged species 
in non–polar media can lead to generation of nanocomposite thin films, thus resolving the 
limitation of nanoparticle LbL assembly to aqueous phase.  
 
3.2 Experimental Section 
3.2.1 Electrophoretic Mobility Measurements 
200 mM of Aerosol–OT (AOT) (Sigma–Aldrich) in toluene (Fisher) is prepared and 
diluted to 100, 20, 10, 2 and 1 mM AOT/toluene solutions. 0.1 wt. % Al2O3 (Cabot 
SpectrAl 100) and CB (Columbian Chemicals Conductex 7055 Ultra) suspensions are 
prepared in pure toluene and sonicated for 1 hour to obtain fine suspensions. The Al2O3 
suspension is vigorously shaken for ~30 seconds to disperse the particles, and then 3 mL 
is immediately transferred and mixed with 3 mL of each AOT/toluene solution to yield 
0.05 wt. % Al2O3 in AOT/toluene dispersions. The Al2O3 dispersions in AOT/toluene are 
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subsequently sonicated for 1 hr. The same procedure is repeated for CB. Electrophoretic 
mobility measurements are performed with a Beckman Coulter Delsa Nano–C. Al2O3 
dispersions are allowed to settle overnight to obtain a homogenous top layer for use in 
electrophoretic mobility measurements. CB dispersions for electrophoretic mobility 
measurements are centrifuged at 5000 rpm for 5 min then filtered with a 5–μm PTFE 
syringe filter to obtain a homogenous dispersion with an appropriate intensity signal. 
Three measurements are made for each suspension at an electric field of 85.2 V/cm. The 
nitrogen surface area (NSA) of CB and Al2O3 are 55 and 95 m
2
/g, respectively, as 
provided by the manufacturers. Al2O3 and CB particles are used as received. 
 
3.2.2 Layer–by–layer Assembly of Carbon Black and Al2O3 in Toluene  
200 mM AOT/toluene solution is prepared by adding AOT in pure toluene and then 
sonicating for 20 min to ensure that AOT is completely dissolved. The 200 mM 
AOT/toluene solution is subsequently diluted to 20 and 2 mM solutions. 0.1 wt. % 
suspensions of CB and Al2O3 each in vials of 60 mL of pure toluene are sonicated for 20 
min. The particle suspension in pure toluene is shaken vigorously for 30 seconds, and 
then 30 mL of each particle suspension is mixed with AOT/toluene solution in a 1:1 ratio 
to yield 60 mL of 0.05 wt. % particle in 100, 10 and 1 mM AOT/toluene. The particle 
dispersions in AOT/toluene are subsequently sonicated for 20 min. Particle dispersions 
are used for LbL assembly 5 min after sonication. LbL assembly is performed on glass 
slides (Fisherbrand plain microscope slides), which are cleaned by sonicating in 1.0 M 
NaOH for 20 min, thorough rinsing in de–ionized (DI) water (18.2 Ω–cm) and drying 
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with compressed air. The first LbL rinse bath consists of 60 mL of AOT/toluene at the 
same AOT concentration as the particle dispersions. The remaining rinse baths consist of 
60 mL of pure toluene. Altogether, the LbL assembly consisted of baths of 0.05 wt. % 
CB in AOT/toluene, AOT/toluene rinse, toluene and toluene followed by 0.05 wt. % 
Al2O3 in AOT/toluene, AOT/toluene rinse, toluene and toluene. A StratoSequencer VI 
(NanoStrata Inc.) is programmed to expose the substrates to each particle dispersion for 
10 min followed by 2, 1, and 1 min of rinse steps. Control samples are generated by 
substituting CB for Al2O3 so that only CB would be sequentially deposited on glass 
slides. While samples assembled from particle dispersions with 1, 10 and 100 mM AOT 
yielded uniform films, those assembled from particle dispersions with 0.5 mM AOT are 
not uniform. 
 
3.2.3 CB/Al2O3 Film Characterization 
UV–Vis absorbance measurements are performed using a Cary 5000 (Varian Inc.) UV–
Vis–NIR spectrophotometer. The absorbance at 500 nm is used for all data analysis. 
Scanning electron microscopy (SEM) images are taken using an FEI 600 Quanta FEG 
ESEM at 5 kV and at a working distance of 10 mm. Atomic force microscopy (AFM) 
images are taken using an Agilent/Molecular Imaging PicoPlus AFM. Film thickness 
measurements are obtained using a Zygo NewView 6K series optical profilometer. A 
small scratch is made on the CB/Al2O3 film in order to use the bare glass substrate as a 
reference zero height as shown in Figure 3.2a. The height profile on either side of the 
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scratch (Figure 3.2b) is integrated and normalized with the profile length to get an 
average film thickness using the equation shown in Equation 3–1. 
 
 
Figure 3.2. (a) Three–dimensional film profile of 15 bilayer CB/Al2O3 film from optical 
profilometry. (b) Height profile of 15 bilayer CB/Al2O3 film obtained from optical 
profilometry. The CB/Al2O3 film is assembled using 100 mM AOT/toluene solutions. 
40 
 
Equation 3–1. Calculation of film thickness from optical profilometry height profile 
 
 
 
 
The film composition is determined by using thermogravimetric analysis (TA 
Instruments model 2960 SDT). Thick films (60 bilayers) are assembled on glass slides 
then scraped off into a platinum TGA pan. The temperature is increased at 10 
o
C/min to 
110 
o
C then held for 20 min to remove moisture. The temperature is subsequently ramped 
at 10 
o
C/min to 1000 
o
C. Film conductivity measurements are performed with a Cascade 
Microtech C4S 4–Point probe head coupled with an Agilent DC power supply unit and 
Keithley 2000 multimeters. Current–voltage measurements are performed on four 
random positions on 30 bilayer films in order to obtain the sheet resistance. The sheet 
resistance of a sample and its respective film thickness are used to determine the 
resistivity of the film. The inverse of the film resistivity is calculated to find the film 
conductivity. 
 
3.3 Results and Discussion 
3.3.1 Charging of Al2O3 and Carbon Black in Toluene 
One of the essential properties required for a material to be incorporated into thin films 
using layer–by–layer (LbL) assembly is that it is charged in its medium. Al2O3 and 
carbon black (CB) do not acquire charge in pure toluene and precipitate due to poor 
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colloidal stability as shown by the leftmost vials in Figure 3.3a and Figure 3.3b, 
respectively. 
 
Figure 3.3. (a) Al2O3 and (b) carbon black dispersed in toluene containing different 
concentrations of AOT ([AOT]). 
 
Surface charge is imparted on CB and Al2O3 particles in toluene by adding a surfactant, 
Aerosol–OT (AOT). CB and Al2O3 particles became well dispersed and colloidally stable 
in toluene upon adding AOT in a wide range of concentrations as shown in Figure 3.3a 
and Figure 3.3b. The particle dispersions are stable for several weeks, although 
sedimentation gradually occurs with time. Sedimented particles, however, can be easily 
re–dispersed with gentle agitation. 
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The effect of [AOT] on the particle surface charge in toluene is further studied by 
measuring the electrophoretic mobility of particles. The magnitude of the electrophoretic 
mobility is indicative of the surface charge of particles.
 ‡
  The most important result is 
that CB and alumina acquire opposite charge in solution as shown in Figure 3.4a and 
Figure 3.4b; CB is negatively charged, whereas Al2O3 becomes positively charged in 
AOT/toluene solutions. The difference in the polarity of CB and Al2O3 surfaces could 
have led to the acquisition of opposite surface charge by these two particles. A previous 
study using TiO2 nanoparticles demonstrated that the surface charge of TiO2 particles in 
AOT/toluene depends on the surface polarity (or hydrophilicity) of the particles rather 
than its bulk composition.
71
 Indeed, while Al2O3 could be suspended to form 
homogeneous dispersion in water, CB precipitated in water, which confirms that Al2O3 
has a hydrophilic surface, whereas CB is hydrophobic. The electrophoretic mobility 
obtained are also consistent with a previous study that demonstrated the acquisition of 
negative surface charge by CB in several non–polar solutions with AOT.
74, 77
  
The results obtained (Figure 3.4) show that the electrophoretic mobility of Al2O3 
and CB depends on the concentration of AOT ([AOT]). The electrophoretic mobility of 
Al2O3 has a maximum value around 10 mM AOT and gradually decreases as [AOT] is 
increased above 10 mM. At low [AOT], the adsorption of AOT molecules on the surface 
of the particles could increase the surface charge of the particles and, hence, their 
electrophoretic mobility.
74, 78
 The gradual decrease of electrophoretic mobility beyond a 
                                                          
‡
 Because of the uncertainty of the nature of the double layer in non–polar media, the electrophoretic 
mobility will henceforth be used to characterize the charge of particles in non–polar media as opposed to 
the zeta–potential. 
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maximum value is likely due to attraction of counterions to the particle surface, which in 
turn leads to neutralization of the surface charge.
70,71
 The magnitude of the 
electrophoretic mobility of CB decreases gradually as [AOT] is increased above 0.5 mM. 
For CB, no peak in the magnitude of electrophoretic mobility is detected within the 
concentration range used in this stud; however, a maximum value (in magnitude) could 
be present between 0 and 0.5 mM AOT since CB in pure toluene has little charge, as 
evidenced by its poor colloidal stability in pure toluene (Figure 3.3b). Previous studies 
have shown similar trends for both hydrophilic and hydrophobic particles.
70, 71, 77
 
 
Figure 3.4. Electrophoretic mobility of dispersed (c) Al2O3 and (d) carbon black as a 
function of [AOT] in toluene. Error bars indicate standard deviations from three 
measurements.  
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3.3.2 Heteroaggregation of Carbon Black and Al2O3 in Toluene 
Attractive interactions between a pair of materials are necessary to form LbL assembled 
thin films. A simple method to test for the presence of attractive forces in a medium is to 
mix suspensions of oppositely charged species. Heteroaggregation of oppositely charged 
colloidal particles in aqueous media has been investigated extensively,
79
 but similar 
phenomena involving two oppositely charged particles in non–polar solvents is not been 
well documented.
80,81
 To test for the existence of attractive interactions between 
oppositely charged particles, CB and Al2O3 in AOT/toluene solution were mixed together 
in a 1:1 ratio. The mixture becomes clear overnight, indicating that the two particles 
aggregate and precipitate from the suspension as shown below in Figure 3.5. The 
heteroaggregation of oppositely charged CB and Al2O3 strongly suggests the existence of 
attractive forces in this non–polar medium. 
 
Figure 3.5. Heteroaggregation of charged CB and Al2O3 in toluene at (a) time = 0 and (b) 
time = 16 hours. The concentration of AOT in each mixture is 100 mM. 
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3.3.3  Layer–by–Layer Assembly of Charged Carbon Black and Al2O3 in Toluene. 
The acquisition of opposite surface charge by CB and Al2O3 and the heteroaggregation of 
the two particles in AOT/toluene solutions strongly suggest that LbL assembly of CB and 
Al2O3 is feasible. However, the first particle to be deposited needs to be determined 
before performing LbL assembly of the two particles. This is determined by exposing 
cleaned glass slides to suspensions of CB and Al2O3 in 10 mM AOT/toluene solutions. 
AFM images (Figure 3.6) of the glass slides showed that the particle density of CB is 
much higher than that of Al2O3 after rinse steps. These results suggest that the glass 
surface acquires a positive charge in AOT/toluene solutions in contrast to the negative 
charge that glass acquires in aqueous solutions. However, previous studies have shown 
conflicting results in the sign and magnitude of silica charge in non–polar media doped 
with AOT. In one study, the charge of silica was found to be negative at low 
concentrations of AOT and to subsequently reverse to positive with increasing 
concentration of AOT.
70
 In separate studies by Berg et al., the charge of silica was shown 
to remain negative for all AOT concentrations.
82, 83
 The origin of the inconsistency in the 
charge of silica will be addressed in Chapter 4. 
After determining the first particle to be deposited, LbL assembly of charged CB 
and Al2O3 in toluene was performed to generate CB/Al2O3 nanocomposite thin films. The 
assembled films are observed to become darker with increasing number of deposited 
bilayers as shown below in Figure 3.7a. A control experiment is performed to test the 
possible contribution of non–specific adsorption of CB particles and/or evaporation–
induced particle deposition
84
 on film growth. With repeated exposure of glass slides to 
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CB suspensions with rinse steps, the slides do not become significantly darker after the 
formation of the first layer of CB particles (Figure 3.7b). 
 
Figure 3.6. AFM images of glass slides after deposition of (a) Al2O3 and (b) CB in 10 
mM AOT/toluene. Each side of AFM image corresponds to 20 μm. 
 
 
Figure 3.7. Photograph of (a) LbL assembled CB/Al2O3 films and (b) carbon black film 
formed from control experiment on glass slides. The text on glass slides represents the 
number of deposited bilayers (e.g. 3BL = 3 bilayers). 
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To quantify the film growth, UV–Vis absorbance at 500 nm is measured as a function of 
the number of deposited bilayers (Figure 3.8). These results show that the absorbance 
increases linearly with the number of deposited bilayers, suggesting that the films grow 
linearly; this is a hallmark of LbL assembly of oppositely charged species. The measured 
absorbance on the control samples (Figure 3.8) confirms that the absorbance of control 
films is much lower than LbL films and that the increase in the darkness of control 
samples with increasing number of deposited layers is small. These results indicate that 
the alternate deposition of oppositely charged Al2O3 and CB leads to the buildup of LbL 
nanocomposite thin films. 
 
Figure 3.8. Absorbance (at 500 nm) of CB/Al2O3 LbL films on glass slides as a function 
of the number of deposited bilayers. Absorbance measurements were taken for 1, 10, and 
100 mM AOT in CB and Al2O3. Absorbencies for control sample are shown by open 
circles. 
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The morphology of CB/Al2O3 LbL films is characterized by using scanning electron 
microscopy (SEM) as shown in Figure 3.9. SEM images (Figure 3.9a – c) show that the 
surface coverage increases with the number of deposited bilayers. The cross–sectional 
SEM image (Figure 3.9d) of a 30 BL sample illustrates that the nanocomposite film 
uniformly covers the substrate. For samples with a small number of bilayers as shown in 
Figure 3.9a, the particles are seen to cluster into isolated regions on the surface. These 
islands grow laterally and eventually merge to form a vertically–growing, uniform thin 
film at large numbers of bilayers, as seen in Figure 3.9c. Similar film morphology 
transformations have been observed in LbL assembled–films of a charged nanoparticle 
and an oppositely charged polyelectrolyte in aqueous solutions.
85
 This study concluded 
that the lateral expansion mode (i.e. lateral growth of isolated domains) is a result of 
particles adhering to existing islands rather than the bare surface. This phenomenon was 
attributed to a compensation effect that reduces the number of adsorbed particles as the 
area of the film expands by: (i) partial desorption of previously adsorbed particles during 
adsorption of the next layer or (ii) increased electrostatic repulsion between charged 
components during film growth. 
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Figure 3.9. SEM images of CB/Al2O3 nanocomposite films after deposition of (a) 3 
bilayers, (b) 6 bilayers and (c) 30 bilayers. (d) A cross–sectional SEM image of 30 
bilayer CB/Al2O3 nanocomposite thin film on a silica wafer. The CB/Al2O3 films were 
assembled using 10 mM AOT in particle suspensions. 
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3.3.4 Effect of Assembly Conditions on the Physicochemical Properties of 
CB/Al2O3 Nanocomposite Thin Films 
The versatility of LbL assembly in aqueous solutions is in the possibility of generating 
thin films with controlled structure and properties. This can be readily achieved by 
varying assembly conditions such as pH or ionic strength of the aqueous solution.
12,58,86
 
The effect of [AOT] on the composition and growth behavior of CB/Al2O3 films is 
examined since the [AOT] was shown to influence the surface charge of CB and Al2O3 in 
toluene. The effect of these assembly conditions on the absorbance per bilayer and the 
thickness of 15 bilayer samples are shown in Figure 3.10a,b. These results show that 
[AOT] in either suspension plays a critical role in changing the physical properties of the 
film. A similar trend is seen for the absorbance and thickness measurements; that is, the 
lowest values occur when the AOT concentration of CB suspension is 10 mM, whereas 
the highest values are obtained for 1 mM AOT in CB suspension. The concentration of 
AOT in CB suspensions shows a more pronounced effect compared to its concentration 
in Al2O3 suspensions.  
The compositions of CB/Al2O3 films is further analyzed using thermogravimetric 
analysis (TGA).
87
 Figure 3.11 shows the changes in mass with respect to temperature for 
CB/Al2O3 nanocomposite thin films generated from suspensions with 1, 10 and 100 mM 
AOT. Each TGA thermogram for different CB/Al2O3 films shows two distinct 
decomposition regimes. The first degradation regime between 200 and 300 
o
C arises from 
the decomposition of residual AOT in the nanocomposite thin films. Figure 3.11 shows 
that in this regime, the drop in % mass increases with [AOT] in the particle dispersion, 
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which indicates that the amount of residual AOT in the films increases with [AOT]. The 
second regime is from the decomposition of CB. Interestingly, the onset of CB 
decomposition is seen to occur at lower temperatures as [AOT] is increased. Changes in 
the decomposition temperature of a carbon–based material has been observed before in 
carbon nanofiber–polymer composites.
88
 In that study, the changes in decomposition 
temperature were attributed to polymer–nanofiber interactions that modulate the thermal 
stability of the carbon nanofiber. It is possible that the decomposition of residual AOT in 
the film, possibly on the surface of CB, facilitates the oxidation of CB at low 
temperatures.  
 
Figure 3.10. Histograms showing (a) the absorbance per bilayer (arbitrary units) and (b) 
the thickness (nm) of the 15 bilayer films as a function of the concentration of AOT 
(mM) in Al2O3 and CB suspensions.  
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Figure 3.11. Change in mass of CB/Al2O3 films as a function of temperature using 
thermogravimetric analysis (TGA). Black, red and blue lines represent thermograms of 
CB/Al2O3 films assembled in 1 mM, 10 mM, and 100 mM AOT/toluene solutions, 
respectively. 
 
The compositions of CB/Al2O3 nanocomposite thin films as determined from TGA are 
summarized in Table 1. The relative mass fraction of CB in the nanocomposite thin films 
agrees well with the results shown in Figure 3.10; the CB/Al2O3 film assembled at 1 mM 
AOT contains the largest amount of CB. These results clearly demonstrate that modifying 
the surface charge of CB and Al2O3 particles by changing [AOT] provides a versatile way 
of controlling the structural properties of CB/Al2O3 nanocomposite films. 
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3.3.5 Electrical Properties of CB/Al2O3 Nanocomposite Thin Films 
Carbon black is often used as a filler to improve the electrical conductivity of insulators. 
Electrically conductive ceramics can be used in a broad range of applications such as 
static dissipation and protection.
89
 The electrical properties of CB/Al2O3 are probed by 
measuring the conductivity of CB/Al2O3 films generated from 1, 10 and 100 mM AOT 
solutions (Table 3.1). For all three samples, the films became conductive due to the 
percolation of CB within the films. The measurements show that the conductivity of films 
depends on [AOT]. In addition, there is a positive correlation between the relative mass 
fraction of CB and the film conductivity. This is expected since CB is the conductive 
component in the films.  
 
Table 3.1. Composition and conductivity of CB/Al2O3 films determined from TGA and 
four–point probe measurement, respectively.  mi indicates wt. % of component i. 
 
 [AOT] 
(mM) 
    Conductivity 
(S/m)
 
1 57 37 6 61 28.49 ± 0.44 
10 43 47 10 48 8.54 ± 0.01 
100 44 44 12 50 21.31 ± 0.02 
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3.4 Conclusions  
In conclusion, layer–by–layer (LbL) assembly of oppositely charged materials is 
demonstrated in a common non–polar solvent, toluene, thus addressing the second 
limitation of nanoparticle LbL. A surfactant, AOT, is used to induce negative and 
positive surface charge on carbon black (CB) and Al2O3, respectively. While each 
particle is stable in AOT/toluene solution via charge stabilization, a mixture of the two 
particles results in heteroaggregation, suggesting the existence of an attractive force. LbL 
assembly of CB/Al2O3 films can be performed on glass slides and the concentration of 
the charge inducing agent, AOT, is shown to play a crucial role in controlling the 
properties of the films such as composition and thickness. The simplicity of this 
procedure is advantageous for creating nanocomposite thin films of ceramics and CB in 
non–polar solvents.  
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Chapter 4. Effect of Thermal Treatment and 
Moisture Content on the Charge of Silica Particles in 
Non–Polar Media 
 
Reproduced by permission of The Royal Society of Chemistry. K. E. Tettey and D. Lee. Effect of thermal 
treatment and moisture content on the charge of silica particles in non–polar media. Soft Matter. 2013, 9, 
7242-7250.  
 
4.1 Introduction 
In Chapter 3, the limitation of nanoparticle LbL to aqueous phase was addressed by using 
a surfactant Aerosol–OT (AOT) to impart charge on common particles in toluene. 
Previous studies have however shown that the amount of water in non–polar media can 
drastically affect the charge behavior of various particles.
90-92
 An understanding of the 
effect of moisture content on the charge of particles is important since water is practically 
impossible to eliminate in non–polar media. Furthermore, it is important to understand 
the nature of the surface chemistry of colloids and its relation to charge acquired in non–
polar media.  
Some prior studies, which have tried to establish such a relation, have shown 
conflicting results. For example, in one study, the charge of silica was found to be 
negative at low concentrations of AOT and to subsequently reverse to positive with 
increasing concentration of AOT.
70
 Meanwhile, two separate studies by Berg et al. found 
that the charge of silica remains negative for all AOT concentrations.
82, 83
 In fact, the 
results shown in Chapter 3 suggest that glass slides acquire a positive charge in 
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AOT/toluene. It is more than likely that these differences in the charge acquired for the 
same bulk material, silica, is a result of the surface groups present. 
The goal of the study presented in this chapter, therefore, is to gain insights into the 
effect of moisture content and surface chemistry on the charge of silica in non–polar 
solvents. To study the effect of these two parameters, silica particles are thermally treated 
to alter the surface chemistry, and the moisture content of silica dispersions is controlled 
by storing them under different relative humidities. Using electrophoretic mobility 
measurements, Fourier transform infrared (FTIR) spectroscopy, thermogravimetric 
analysis (TGA), and Karl Fischer titration, it will be shown that the surface chemistry of 
silica and moisture content does indeed have a significant effect on the charge of silica 
particles in non–polar media, resulting in charge reversal of the particles in some cases. 
The results gathered provide some important clues to explain the inconsistent charge 
results reported for silica in non–polar solvents.  
 
4.2 Experimental Section 
4.2.1 Materials  
Monodisperse colloidal silica particles are obtained from three different suppliers: Fiber 
Optics Center Inc. (Silica–1), Alfa Aesar (Silica–2) and Bangs Laboratories Inc. (Silica–
3). Silica particles are also synthesized using the Stober method.
93
 Briefly, a 2.1 g 
solution of Tetraethyl orthosilicate (TEOS) (Sigma Aldrich) is added to a solution of 38 g 
of ethanol (Fisher), 9 g of deionized (DI) water (18.2 MΩ–cm, purified by a Barnstead 
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Nanopure System) and 1.4 g of concentrated NH4OH (Fisher) under vigorous stirring at 
room temperature. The combined solution is stirred overnight (~18 hours) before further 
use. Stober particles (Silica–4) are washed in DI water through multiple centrifugation 
and redispersion steps, and are used following overnight drying at 70 
o
C under vacuum. 
Thermally treated silica samples are prepared by placing silica powder in an alumina 
crucible and heating in a furnace to the desired temperature for the required time. Silica 
dispersions are immediately prepared after thermal treatment. Only Silica–1 particles are 
used to study the effect of thermal treatment and moisture content. Methyl red solution 
(Sigma Aldrich) is prepared by adding the dye into toluene, followed by 20 minutes of 
sonication. 
 
4.2.2 Silica Particle Characterization 
Particle size measurements (Delsa Nano C, Beckman Coulter) are performed by 
preparing dispersions of 0.05 wt % silica in DI water. The hydrodynamic diameter of the 
particles are 240  11 nm for Silica–1, 169  4 nm for Silica–2, 337  14 nm for Silica–
3 and 250  11 nm for Silica–4. Scanning electron microscopy (SEM) images of Silica–1 
particles are taken using an FEI 600 Quanta FEG ESEM at 5 kV and at a working 
distance of 10 mm. Fourier transform infrared spectra (FTIR) are obtained using a 
Nicolet 8600 FTIR spectrometer (Thermo Scientific). Freestanding pellets of silica mixed 
with KBr are prepared for this purpose. The isolated silanol peak height is normalized 
with the peak height of the overtone structure at ~1870 cm
–1
.
94
 Weight loss of silica due 
to dehydration and dehydroxylation is determined using thermogravimetric analysis (TA 
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instruments Q600). Samples are heated to 1000 
o
C at 5 
o
C/min in a stream of nitrogen 
flowing at 10 mL/min. The physisorbed water content of silica particles is calculated as 
the percent weight loss of silica samples between room temperature and the temperature 
at which all physisorbed water is removed.
95-97
 This latter value is determined as the first 
temperature where the derivative of weight change becomes zero. Three–phase contact 
angle measurements of planar silica substrates in a continuous phase of pure toluene are 
performed with a contact angle goniometer (Attension by KSV Instruments). A 20 μL 
drop of DI water is placed on the planar silica substrate immersed in toluene. As–is 
substrates are used 6 hours after piranha treatment while thermally treated silica 
substrates are used after heating in a furnace to the desired temperature for 6 hours. 
Thermally treated substrates are immediately transferred into a glass cuvette containing 
pure toluene for measurements. 
 
4.2.3 Preparation of Particle Dispersions in AOT/toluene for Electrophoretic 
Mobility Measurements 
200 mM of AOT (Sigma Aldrich) in pure toluene (Fisher) is prepared and diluted to 100, 
20, 10, 2 and 1 mM AOT/toluene solutions. 0.1 wt % silica suspensions are prepared in 
pure toluene and sonicated for 1 hour to get fine suspensions. The silica suspension is 
vigorously shaken for ~30 seconds to disperse the particles, and then mixed with an equal 
volume of each AOT/toluene solution to yield 0.05 wt % silica in AOT/toluene solutions. 
The dispersion of silica in AOT/toluene is subsequently sonicated for 1 hour followed by 
storage in a desiccator. A desiccant (Drierite) is used to fix the desiccator relative 
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humidity at 11% (low). Saturated salt solutions of K2CO3 and NaCl are used to fix the 
relative humidity at 47% (medium) and 69% (high), respectively.
98
 Silica particle 
dispersions are kept at a fixed relative humidity for 15–18 hours. Electrophoretic mobility 
and size measurements of silica dispersions in AOT/toluene are performed with a 
Beckman Coulter Delsa Nano–C flow cell. Dispersions are briefly vortexed to redisperse 
aggregates before loading in the flow cell. Electrophoretic mobility measurements are 
performed at an electric field strength of 85.2 V/cm. 
 
4.2.4 Solution Characterization 
The solution conductivity of AOT/toluene stored at a fixed relative humidity is measured 
with a handheld conductivity meter (D–2 Inc. model JF–1A–HH). Water content is 
measured with a coulometric Karl Fischer titrator (Denver Instruments model 275KF). 
Hammett indicator tests are performed by adding 200 µL of methyl red solution to 5 mL 
of silica in pure toluene suspension (0.01 g/mL) stored at a fixed relative humidity. 
 
4.2.5 Quartz Crystal Microbalance (QCM) Measurements 
Silica–coated QCM crystals (Q–Sense) are cleaned by immersing in 2 wt% sodium 
dodecyl sulfate (SDS) solution for 30 min followed by rinsing with DI water, drying with 
nitrogen and 10 min oxygen plasma treatment. The output of QCM measurements is a 
frequency shift (Δf) proportional to mass uptake on the QCM crystal. Frequency shift 
measurements are performed with an E4 quartz crystal microbalance with dissipation 
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monitoring (QCM–D) by Q–Sense. A flow rate of 100 μL/min, controlled using a 
Harvard Instruments syringe pump (model PhD Ultra), is used for all measurements. Pure 
toluene and AOT/toluene solutions are kept in desiccators at the desired relative humidity 
during measurements in order to ensure negligible change in the water content of these 
solutions. Drifts in the baseline frequency shifts are corrected in Origin Pro to yield a 
steady baseline around zero. All frequency shifts reported are from the fifth overtone 
(Δf5). The first 400 seconds are reported for frequency shifts for pure toluene to 
AOT/toluene transitions. 
 
4.3 Results and Discussion 
4.3.1 Effect of Thermal Treatment on Particle Charge 
The first part of this study focuses on the effect of thermal treatment on the charge of 
silica particles in toluene doped with AOT (AOT/toluene). Silica particles are thermally 
treated for ~6 hours at various temperatures up to 1000 °C. Dynamic light scattering 
(DLS) measurements and scanning electron microscopy (SEM) images as shown in 
Figure 4.1 and Figure 4.2 reveal that particles retain their original size distribution after 
high temperature thermal treatment. However, particles fuse when thermally treated at 
~1100 
o
C; therefore, the upper temperature limit is set to 1000 
o
C for this study. 
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Figure 4.1. Dynamic light scattering (DLS) (a) average particle diameter and (b) size 
distribution of silica particles as–received and thermally treated at different temperatures. 
Error bars represent standard deviation of six measurements. 
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Figure 4.2. Scanning electron microscopy (SEM) images of silica particles (a) as–
received and thermally treated at (b) 300 
o
C, (c) 600 
o
C and (d) 900 
o
C. Silica particles do 
not fuse for all thermal treatment temperatures. 
 
Thermogravimetric analysis (TGA) is used to monitor the weight loss of silica particles 
with temperature. In Figure 4.3a, a TGA thermogram for Silica–1 particles used for the 
majority of this study shows a sharp weight loss between 0 and 200 
o
C due to dehydration 
– the removal of physisorbed water from the surface of silica.
99
 The gradual weight loss 
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at temperatures above 200 
o
C is due to the dehydroxylation process – the removal of 
silanol groups from the surface by a condensation reaction in which siloxane bonds are 
formed.
26, 99
 This TGA result suggests that the surface chemistry of silica changes with 
thermal treatment.  
 
Figure 4.3. Weight loss of (a) Silica–1, (b) Silica–2, (c) Silica–3 and (d) Silica–4 
particles as a function of temperature (solid line) as determined by thermogravimetric 
analysis (TGA). Dashed lines represent derivative of weight change with respect to 
temperature. 
 
Fourier transform infrared (FTIR) spectroscopy is a useful technique for probing surface 
groups and has extensively been used to examine the surface chemistry of silica.
100, 101
 
FTIR is used in this study to confirm the changes in silica surface groups as a function of 
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thermal treatment temperature. The silica surface groups of interest in this study are 
physisorbed water, surface siloxane bonds, and isolated and bridged (or vicinal) silanol 
groups. Silanol groups present within the bulk structure of colloidal silica particles and 
inaccessible to external solutes are designated as internal silanol groups.
101
 For as–
received silica (i.e., fully hydroxylated with no thermal treatment), physisorbed water 
consists of multiple layers of water stabilized by a hydrogen–bond network.
99
 Unstrained 
siloxane groups are relatively unreactive,
26
 whereas the acidity of bridged and isolated 
silanol groups are known to differ; specifically, isolated silanol groups are more acidic 
(pKa 4.5) than bridged silanol groups (pKa 8.5), thus making them capable of dissociating 
more readily than bridged silanol groups.
102-104
 The FTIR spectra in Figure 4.4a, shows 
that as thermal treatment temperature increases, the ~3680 cm
–1
 absorbance band, 
attributed to internal silanol groups diminishes. Likewise, the broad absorbance band 
between ~3620 – 3200 cm
–1
 (centered at ~3450 cm
–1
) attributed to bridged silanol groups 
decreases with thermal treatment temperature.
101
 Conversely, the sharp isolated silanol 
group peak at ~3745 cm
–1
 is initially absent but emerges at ~500 °C. Further examination 
of the isolated silanol peak shows a sharp increase in the normalized peak height between 
500 and 700 °C followed by a gradual decrease (Figure 4.4b).  
65 
 
 
Figure 4.4. (a) Fourier transform infrared (FTIR) spectra of silica particles and (b) 
change in the normalized peak height of isolated silanol groups with thermal treatment 
temperature. Error bars represent standard deviation of six measurements. 
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Following the removal of physisorbed water, the effect of heat treatment on bridged 
silanol groups is the formation of siloxane bridges, isolated silanol groups and water 
vapor as a byproduct as shown in Figure 4.5. The overall effect is an initial increase in 
the number of isolated silanol groups as seen in Figure 4.4b. With further heat treatment, 
isolated silanol groups undergo a condensation reaction to form siloxane bridges and 
water, thus accounting for the eventual decrease in the isolated silanol peak height for 
temperatures greater than ~700 °C.
26
 Isolated silanol groups are known to exist to some 
extent after thermal treatment, up to ~1200 °C.
99
 The observed transitions with thermal 
treatment account for the TGA weight loss in Figure 4.3 and are consistent with previous 
reports that have examined the effect of heat treatment on silica surfaces.
26, 99, 105
 
 
Figure 4.5. Effect of heat treatment on bridged silanol groups. Heat treatment leads to the 
formation of isolated silanol groups, siloxane bridges, and water as a by–product. 
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The electrophoretic mobility results shown in Figure 4.6 reveal that thermal treatment has 
a significant effect on the charge of silica particles in AOT/toluene. The non–monotonic 
change in electrophoretic mobility with thermal treatment temperature can be divided 
into three regions: (1) a slight charge increase from 0 to 200 °C, (2) a drastic charge 
decrease from 200 to 500 °C and (3) an increase in charge from 600 to 1000 °C. The sign 
of silica particle charge in AOT/toluene kept at low relative humidity is found to be 
negative for all three regions, which agrees well with the previously proposed acid–base 
interaction mechanism.
106, 107
 This mechanism states that charging in non–polar media 
with a charge inducing agent is a result of ion exchange between particle surface groups 
and surfactant molecules. It was also proposed that for an acidic particle such as silica, 
uncharged AOT monomers adsorb on the surface followed by proton transfer from 
silanol surface groups to AOT. The charged AOT monomers subsequently desorb from 
the surface into AOT reverse micelles thus yielding a net negative surface charge.
82, 83
 
This acid–base interaction mechanism is particularly amenable to surfaces with 
dissociable groups
76
 as is the case with thermally treated silica particles which have 
dissociable silanol groups present in the temperature range used in this study.  
Three–phase contact angle (TPCA) measurements
108, 109
 (Figure 4.7) of a water 
droplet on a planar silica surface in a continuous phase of pure toluene reveal that the 
surface remains hydrophilic (water contact angles in Figure 4.7 remain < 90
o
) even after 
thermal treatment up to 1000 
o
C. This result has an important implication; one of the 
proposed mechanisms for the origin of particle charge in non–polar media in the presence 
of AOT is based on the preferential partitioning of cations and anions between the 
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particle surface and AOT reverse micelles in solution.
110, 111
 Based on this mechanism, 
hydrophilic particles such as silica are expected to gain a net positive charge due to the 
preferential adsorption of the sodium cation of AOT over that of the sulfosuccinate 
anions.
110
 Such a mechanism is not consistent with our observations because the surface 
of silica remains hydrophilic throughout the temperature range used in this study. 
 
 
Figure 4.6. Electrophoretic mobility of silica particles thermally treated at various 
temperatures. Silica dispersions are prepared in 10 mM AOT/toluene and are kept at a 
low relative humidity (11% RH) for 15 – 18 hrs. Error bars represent standard deviation 
of six measurements. 
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Figure 4.7. Three–phase contact angle measurements of planar silica surface thermally 
treated at different temperatures. Error bars represent standard deviation for four separate 
samples. 
 
A prior study showed that the adsorption behavior of surfactant correlates well with the 
charge behavior of particles.
112
 In our system, changes in the surface chemistry of silica 
with thermal treatment could result in changes in the adsorption behavior of AOT 
monomers and micelles, which, in turn, affects the charge state. In addition to these 
differences in the interactions between silica surface and AOT, the ionization of the silica 
surface is dependent on the surface groups present. In fact, there exist some correlation 
between surface groups present (Figure 4.4) and the charging behavior of thermally 
treated silica particles shown in Figure 4.6. For example, the charge decrease between 
200 and 600 °C is attributed to the loss of bridged silanol groups that dominate the 
surface. These silanol groups, likely participate in particle charging through acid–base 
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interactions with adsorbed AOT,
83
 therefore resulting in a corresponding charge decrease 
as they diminish. This result agrees well with a previous study, in which the charge of 
alumina suspended in OLOA/toluene was found to decrease after calcination at 800 
o
C.
90
 
This behavior was attributed to the removal of surface hydroxyl groups during 
calcination.  
Silica particles thermally treated above 600 
o
C, however, show a peculiar charge 
increase. A possible explanation for this behavior is as follows. As previously mentioned, 
isolated silanol groups are more acidic (i.e., lower pKa) and reactive than bridged silanol 
groups;
102-104
 hence, these groups would readily donate protons to adsorbed AOT 
monomers via acid–base interactions. The charge of silica particles would therefore 
increase as the fraction of isolated silanol groups (i.e. the ratio of isolated silanol groups 
to bridged silanol groups) increases above 600 
o
C. In fact, thermal treatment for times 
greater than 6 hours has little effect on the fraction of isolated silanol groups on the 
surface as well as the charge of silica particles in 10 mM AOT/toluene at a low relative 
humidity (Figure 4.8). This result suggests that a majority of the change in surface groups 
of silica takes place within the first 6 hours. This proposed mechanism, however, does 
not fully describe the observed trend because the isolated silanol group concentration 
eventually decreases above 700 
o
C but the charge nevertheless increases. The exact 
mechanism of this charge increase above 600 °C warrants further study. One possible 
approach is to correlate the point of zero charge (PZC) or isoelectric point (IEP) of 
thermally treated silica in water to their electrophoretic mobility in AOT/toluene.
83, 113
 
However, such an approach presents some challenges since for thermally treated silica, 
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PZC and IEP measurements have to be performed in an aqueous phase, which could 
result in a different surface state (e.g., hydration state) compared to thermally treated 
silica in AOT/toluene. 
 
Figure 4.8. Change in normalized isolated silanol group peak height (left axis) and 
electrophoretic mobility of particles in 10 mM AOT/toluene stored at low relative 
humidity (right axis) with particle thermal treatment (1000 
o
C) time. 
 
4.3.2 Effect of Water on Particle Charge 
In addition to examining the role of surface groups on the charge of silica, this study also 
examine the effect of moisture on particle charging. In non–polar media such as toluene, 
ambient conditions such as relative humidity can result in water levels of hundreds of 
parts per million (ppm), which could possibly play a role in the inconsistent charge 
characteristics of silica previously observed. In reality, colloids are seldom used under 
completely dry conditions, and thus, relative humidity could also have a significant 
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impact on practical applications of charged particles in non–polar media.
71
 In addition, 
the charge–inducing agent and the particles themselves could carry small traces of water. 
The first step taken to understand the effect of relative humidity on particle charge 
involves examining its effect on solution properties. To control the amount of water in 
non–polar media, silica dispersions are stored at low (11%), medium (47%) and high 
(69%) relative humidities for 15–18 hours. Moisture content as measured by Karl Fischer 
titration reveals that the concentration of water does not significantly change after ~15 
hours (Figure 4.9); thus, storing dispersions at each relative humidity for 15–18 hours 
results in reproducible water content for each condition. 
 
Figure 4.9. Temporal change in water content of 10 mM AOT/toluene solution stored at 
low (11%) and medium (47%) relative humidity 
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As shown in Figure 4.10a, water content increases with [AOT] which is a result of the 
hygroscopic nature of AOT.
69, 114
 The molar ratios of water and surfactant, Wo = 
[H2O]/[AOT], obtained based on the results in Figure 4.10a, reveal that there is relatively 
small change in water content due to the presence of silica particles as summarized in 
Table 4.1. Instead, the amount of water present in dispersions is dominantly determined 
by the partitioning of water vapor from atmosphere into solution. The solution 
conductivity increases linearly with [AOT] for a fixed relative humidity as shown in 
Figure 4.10b. This result is consistent with the behavior of AOT above its critical micelle 
concentration (CMC)
73
 and has been attributed to the spontaneous disproportionation of 
neutral micelles to charged micelles (2M
o
 ↔ M
+
 + M
–
) which contribute to solution 
conductivity.
44, 69, 115
 AOT reverse micelles are also known to swell with increasing 
moisture content.
116
 The increase in solution conductivity (σ) and hydrodynamic radius 
(rh) of AOT reverse micelles with relative humidity implies that the fraction of charged 
micelles (χ) increases since χ is directly proportional to the solution conductivity (σ) and 
hydrodynamic radius (rh) of AOT reverse micelles (i.e. χ~ σ rh).
44, 69, 115
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Figure 4.10. Change in AOT/toluene (a) water content (in ppm) and (b) solution 
conductivity with respect to concentration of AOT ([AOT]) for three different relative 
humidities – low (11%), medium (47%) and high (69%). Error bars represent standard 
deviation of three measurements. 
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Table 4.1. Molar ratio of water to surfactant (Wo) for solutions at low, medium and high 
relative humidities.  
 
Relative  
Humidity (RH) 
Wo 
No silica 
particles 
As–received 
silica particles 
Low (11% RH) 0.0064 0.0081 
Medium (47% RH) 0.0305 0.0370 
High (69% RH) 0.0694 0.0649 
 
As–received silica dispersions with various concentrations of AOT are prepared and kept 
at low, medium and high relative humidities. The electrophoretic mobility (Figure 4.11) 
reveals that the moisture content as controlled by relative humidity has an enormous 
effect on the silica particle charge. Figure 4.11 shows that the magnitude of the 
electrophoretic mobility of silica particles is characterized by a maximum value with 
increasing [AOT], which is consistent with observations made in previous studies.
74, 82, 83, 
117
 The initial rise in the magnitude of electrophoretic mobility is a result of an increase in 
acid–base interactions between silica and AOT, whereas the gradual decrease towards 
zero has been attributed to charge screening by charged micelles formed through the 
spontaneous disproportionation process.
69, 75, 82, 118, 119
 Figure 4.11 reveals that for all 
concentrations of AOT, the magnitude of electrophoretic mobility of silica particles 
decreases with increasing relative humidity. This behavior can be explained by charge 
screening dominating surface charging.
92
 The charge screening effect increases as the 
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fraction of charged micelles χ increases with relative humidity as discussed in the 
previous section. As the electrophoretic mobility of particles decreases, weak repulsive 
electrostatic interactions results in particle flocculation as shown by the particle size 
increase in Figure 4.12a. A similar effect also occurs for thermally treated particles as 
shown in Figure 4.12b. 
 
 
Figure 4.11. Electrophoretic mobility of silica particles for different concentrations of 
AOT and relative humidities. 
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Figure 4.12. (a) Change in particle size with electrophoretic mobility and (b) Change in 
silica particle size with electrophoretic mobility for as–received and thermally treated 
samples. Error bars represent standard deviation of six measurements. 
 
Quartz crystal microbalance with dissipation (QCM–D) is used to further investigate the 
origin of decreasing surface charge with relative humidity. This is achieved by measuring 
the adsorption of water and AOT present in toluene onto a silica–coated quartz crystal 
surface. The QCM result with silica–coated quartz crystal is expected to provide 
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important insights into the interaction between AOT (or water) and silica surfaces, 
although the absolute amount of AOT or water molecules interacting with silica–coated 
quartz crystal surface may be different from that interacting with the particle surface. 
 
Figure 4.13. Quartz crystal microbalance (QCM) frequency shifts (Δf5 : 5th overtone) for 
adsorption of 100 mM AOT/toluene solution (a) at low, medium and high relative 
humidities from a baseline in pure toluene at the same relative humidity and (b) at 
medium and high relative humidities from a baseline in 100 mM AOT/toluene at a low 
relative humidity solution. Error bars in (a) represent standard deviation of three 
measurements. 
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The standard output of a QCM is a frequency shift (Δf) proportional to mass increase on 
the QCM crystal surface. A baseline in pure toluene stored at low, medium or high 
relative humidity is obtained, after which the solution is exchanged for 100 mM 
AOT/toluene at the same relative humidity. The frequency shifts shown in Figure 4.13a 
arise from the adsorption of AOT onto the surface of the silica–coated quartz crystal. The 
frequency shift for all three conditions is comparable, which implies that similar amount 
of AOT adsorbs on the silica surface regardless of the moisture content present in 
solution. In Figure 4.13b, a baseline in 100 mM AOT/toluene kept at low relative 
humidity is first obtained after which the solution is exchanged for 100 mM AOT/toluene 
kept at either medium or high relative humidity. The frequency shift (–Δf5) of ~4 Hz seen 
for the high relative humidity solution reveals that more water adsorbs on the silica 
surface at this condition compared to the medium relative humidity solution with a –Δf5 
of ~1.7 Hz.  Based on these results, it can be inferred that water adsorbing on the silica 
surface results in the formation of a hydration layer. Therefore, in addition to the charge 
screening effect by charged micelles, the formation of a hydration layer on the as–
received silica surface could also diminish charge through a decrease in acid–base 
interactions with adsorbed AOT. Furthermore, a previous study has suggested that 
adsorbed water phase could form bridges between particles resulting in flocculation.
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This could also contribute to particle flocculation with increasing moisture content as 
seen in Figure 4.12. 
The effect of moisture on the electrophoretic mobility of thermally treated silica is 
also probed in this study. The charge of thermally treated samples at medium and high 
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relative humidity (Figure 4.14) is found to change in a similar manner to samples at a low 
relative humidity. For as–received and 200 
o
C thermally treated samples, the charge 
becomes less negative with increasing relative humidity. However, for higher thermal 
treatment temperatures, the charge of particles reverses from negative to positive for 
medium and high relative humidity samples. It is quite possible that this charge reversal 
is a result of a change in the acidity of silica particles due to adsorbed water.  
 
 
Figure 4.14. Electrophoretic mobility of silica particles in 10 mM AOT/toluene 
thermally treated at different temperatures. Particle dispersions are stored at low, medium 
and high relative humidity. 
 
It has been proposed previously that the addition of water to alcohols, which are 
relatively polar media, makes the surface of oxides such as rutile titania and alumina 
more basic and therefore makes these particles more positively charged; however, to the 
best of knowledge, this hypothesis has not been confirmed experimentally thus far.
120
 To 
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test this hypothesis, the Hammett indicator method, which has been used to probe the 
acidity of solid surfaces in non–aqueous solutions is used.
121
 For both as–received and 
thermally treated silica particles, a change in the color of adsorbed indicator, methyl red, 
from an acid red color to a more basic orange color with increasing moisture content in 
the media is observed as shown in Figure 4.15.  
 
 
Figure 4.15. Methyl red dye indicator test for as–received silica particles at (a) low and 
(b) high relative humidity, and for 1000 
o
C thermally treated silica particles at (c) low and 
(d) high relative humidity. 
 
For the system used in this study, this change in the surface acidity for silica particles 
with isolated silanol groups present (particles thermally treated at 400 
o
C and above), 
results in a positive surface charge. This is a result of the relative acidities of the silica 
surface and AOT changing such that the surface becomes an electron donor during acid–
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base interactions with AOT. The results obtained above have important implications; the 
charging behavior of silica after thermal treatment and storage under different relative 
humidity conditions suggests that the sign of silica charge in non–polar media doped with 
AOT is highly dependent on surface chemistry and moisture content. The surface 
chemistry of silica, in particular, the relative ratio of bridged and isolated silanol groups, 
could change depending on synthetic procedures used during manufacture. Furthermore, 
the amount of water in the particle dispersion depends strongly on the relative humidity 
of the ambient environment. These observations could shed some light onto the origin of 
conflicting results previously reported. 
Measurements of the electrophoretic mobility of as–received colloidal silica 
particles from different suppliers in 10 mM AOT/toluene solution
§
 stored at a low 
relative humidity show some discrepancies in the magnitude of their charge. The origin 
of this discrepancy can be explained by using the newly gathered understanding on the 
role of moisture on particle charge. In Figure 4.16, physisorbed moisture content as 
determined by thermogravimetric analysis (TGA)
95-97
 (Figure 4.3) is plotted against the 
electrophoretic mobility of particles in 10 mM AOT/toluene at a low relative humidity. 
From this plot, it is evident that there is a strong correlation between physisorbed water 
content and electrophoretic mobility such that particle charge decreases with increasing 
physisorbed water content. This result agrees well with QCM measurements (Figure 
4.13) and suggests that physisorbed water on the surface of as–received silica indeed has 
                                                          
§
 An AOT concentration of 10 mM is used since this yields the maximum value in the magnitude of 
electrophoretic mobility for Silica-1 at a low relative humidity. 
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an adverse effect on charge. The removal of physisorbed water could also explain the 
slight increase in electrophoretic mobility for silica thermally treated between 0~200 
o
C 
(Figure 4.6). The effect of the total concentration of surface hydroxyl groups (the silanol 
number) can be neglected since this has been reported to be a physicochemical constant 
(~4.9 OH groups nm
–2
) independent of the origin or structural characteristics of 
amorphous silica.
122
 
 
 
Figure 4.16. Change in electrophoretic mobility with physisorbed water content for silica 
particles from four different suppliers in 10 mM AOT/toluene stored at a low relative 
humidity. Error bars represent standard deviation of six measurements for electrophoretic 
mobility and three measurements for water content. 
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4.4 Conclusions 
In conclusion, thermal treatment of silica particles and relative humidity is shown to have 
a significant effect on the charge of particles in AOT/toluene. The effect of thermal 
treatment is a non–monotonic change in the charge of silica. This behavior is attributed to 
changes in the type and fraction of surface silanol groups. The charge of as–received 
silica particles is also found to decrease with increasing moisture content. This possibly 
occurs as a result of the formation of a hydration layer on the surface of silica as observed 
with QCM. Furthermore, increasing moisture content reverses the charge of 
dehydroxylated silica from negative to positive. Adsorbed water is found to make the 
surface of as–received and dehydroxylated silica more basic; however, the exact 
mechanism of charge reversal warrants further study. The effect of physisorbed water 
content of as–received particles from different suppliers is also found to have an effect on 
their charge in the same solution condition. The results obtained emphasize the 
importance of carefully controlling the surface chemistry and water content in particle 
dispersions in order to enhance the reproducibility of electrophoretic mobility 
measurements in non–polar media. Furthermore, these parameters, in addition to the 
concentration of the charge–inducing agent, provide a new way to control the charging of 
colloids in non–polar media.   
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Chapter 5. Effect of Relative Humidity on Layer–
by–Layer Assembly of Oppositely Charged Particles 
in Non–Polar Media 
 
5.1 Introduction 
The study presented in Chapter 3 showed that the charge of particles (as controlled by the 
concentration of AOT) could be used to tune the growth of LbL assembled films. In 
Chapter 4, it was shown that water content in SiO2 dispersions in AOT/toluene (as 
controlled by ambient relative humidity), has a significant effect on the charge of SiO2. In 
fact, the charge of SiO2 reversed under certain conditions. Based on this result, it is quite 
plausible that relative humidity will also have an effect on the growth of LbL assembled 
films. In fact, the quality of the LbL assembled films made using carbon black and Al2O3 
particles in AOT/toluene (Chapter 3) has been seen to depend on the season in which the 
assembly is performed (i.e., summer vs. winter).  
The goal of the study covered in this chapter, therefore, is to bridge the findings in 
Chapters 3 and 4 by exploring the effect of relative humidity (RH) on the LbL assembly 
process in non–polar solvents. The carbon black and Al2O3 particles dispersed in 
AOT/toluene are used as a model system and the ambient RH of the LbL assembly 
chamber is set to three different values, ~ 12 %, ~ 42 % and ~ 62 %. It will be shown that 
RH increases the water content of particle dispersions in AOT/toluene, which in turn 
significantly changes the charge of carbon black and Al2O3 particles as well as the growth 
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behavior of LbL assembled films. The results gathered emphasize the importance of 
controlling ambient RH for non–polar LbL assembly and suggest that RH could be used 
as an additional parameter to control the non–polar LbL assembly process. 
 
5.2 Experimental Section 
5.2.1 Materials 
Al2O3 (SpectrAl 100) and carbon black (Conductex 7055 Ultra) are obtained from Cabot 
and Columbian Chemicals, respectively. The nitrogen surface area (NSA) of carbon 
black (CB) and Al2O3 are 55 and 95 m
2
/g, respectively, as provided by the manufacturers. 
Both particles are used as received. De–ionized (DI) water (18.2 MΩ–cm) is generated 
from a Barnstead Nanopure system (Thermo Scientific). Toluene, NaCl, NaOH, K2CO3, 
Drierite® and plain microscope glass slides are purchased from Fisher Scientific while 
Aerosol–OT (AOT), is purchased from Sigma–Aldrich. Drierite® is used to fix the 
relative humidity (RH) at ~ 12 % (low) while saturated salt solutions of K2CO3 and NaCl 
are used to fix the RH at ~ 42 % (medium) and ~ 62 % (high), respectively.
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5.2.2 Preparation of Al2O3 and CB Dispersions in AOT/toluene 
200 mM of AOT in toluene is prepared and diluted to 100, 20, 10, 2 and 1 mM 
AOT/toluene solutions. 0.1 wt. % Al2O3 and CB suspensions are prepared in pure toluene 
and sonicated for 1 hour to obtain fine suspensions. A set volume of each particle 
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suspensions is vigorously shaken to disperse the particles, and then mixed with an equal 
volume of each AOT/toluene solution to yield 0.05 wt. % Al2O3 or CB dispersions in 
AOT/toluene. A lower particle weight fraction (0.005 wt %) is used for CB 
electrophoretic mobility measurements in order to get a good intensity reading. Both 
dispersions are subsequently sonicated for 1 hour and stored overnight in a desicator at a 
fixed relative humidity.  
 
5.2.3 Layer–by–Layer Assembly of CB and Al2O3 in Toluene 
LbL assembly is performed on glass slides, which are cleaned by sonicating in 1.0 M 
NaOH for 20 min, thorough rinsing in DI water and drying with compressed air. 0.05 wt 
% CB and Al2O3 dispersions in AOT/toluene to be used for LbL are prepared and 
sonicated for 1 hour. The first LbL rinse bath consists of 60 mL of AOT/toluene at the 
same AOT concentration as the particle dispersion used. The remaining rinse baths 
consists of 60 mL of pure toluene. LbL assembly is performed with a StratoSequencer VI 
spin dipper (NanoStrata Inc.). The dipper has an enclosed chamber in which the particle 
dispersions and rinse solutions are kept for ~ 24 hours at a fixed RH. Following this time, 
the dispersions are sonicated for 20 min to be used immediately for LbL. Fabrication of 
one bilayer involves exposing a glass slide to 0.05 wt. % CB in AOT/toluene, 
AOT/toluene rinse, two pure toluene rinse steps followed by 0.05 wt. % Al2O3 in 
AOT/toluene, AOT/toluene rinse, and two pure toluene rinse steps. The LbL dipper is 
programmed to expose glass slide substrates to particle dispersions for 10 min followed 
by 2, 1, and 1 min rinse steps. 
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5.2.4 Particle Dispersion and LbL Film Characterization 
The water content of solutions and dispersions is measured with a coulometric Karl 
Fischer titrator (Denver Instruments model 275KF). Electrophoretic mobility and particle 
size measurements are performed with a Beckman Coulter Delsa Nano–C. Six 
electrophoretic mobility measurements are made for each suspension using a flow cell at 
an electric field of 85.2 V/cm while three size measurements are made using a standard 
quartz cuvette. UV–Vis absorbance measurements are performed using a Cary 5000 
(Varian Inc.) UV–Vis–NIR spectrophotometer. The absorbance at 500 nm is used for all 
data analysis. Scanning electron microscopy (SEM) images are taken using an FEI 600 
Quanta FEG ESEM at 5 kV and at a working distance of 10 mm. Film thickness 
measurements are obtained using a Zygo NewView 6K series optical profilometer. A 
small scratch is made on the film in order to use the exposed glass substrate as a 
reference height. The height profile on either side of the scratch (Figure 5.1a) is 
integrated and normalized with the profile length to get an average film thickness. This 
procedure is repeated along six random line segments for each film sample. The height 
obtained by optical profilometry is found to be consistent with cross–sectional SEM 
images shown in Figure 5.1b. 
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Figure 5.1. (a) Optical profilometry height profile and (b) cross–section scanning 
electron micrograph of CB/Al2O3 film assembled at 1 mM AOT and low relative 
humidity (primer layer). 
 
 
5.2.5 Quartz Crystal Microbalance (QCM) Measurements 
Silica–coated QCM crystals (Q–Sense) are cleaned by immersing in 2 wt % sodium 
dodecyl sulfate (SDS) solution followed by rinsing with DI water, drying with nitrogen 
and oxygen plasma treatment. Frequency shift measurements are performed with a Q–
Sense E4 quartz crystal microbalance with dissipation monitoring (QCM–D). A flow rate 
90 
 
of 200 μL/min, controlled by a Harvard Instruments syringe pump (model PhD Ultra), is 
used for all measurements. AOT/toluene solutions and particle dispersions are kept in 
desiccators at the desired relative humidity during measurements to avoid any change in 
the water content. A baseline in AOT/toluene is first obtained before depositing Al2O3 or 
CB on the QCM crystal. All frequency shifts reported are from the fifth overtone ( f5).  
 
5.3 Results and Discussion 
5.3.1 Effect of Relative Humidity on Solution Moisture Content 
This study begins by examining the effect of relative humidity (RH) on the water content 
of toluene doped with AOT (AOT/toluene) as exemplified by 100 mM AOT/toluene 
solutions. These AOT/toluene solutions are kept in an LbL chamber at three different 
RHs: low RH (~ 12 %) fixed with a desiccant Drierite®, medium RH (~ 42 %) fixed with 
a saturated K2CO3 salt solution, and high RH (~ 62 %) fixed with a saturated NaCl salt 
solution. Karl Fischer titration is used to measure the water content of solutions at 
different time points. Figure 5.2 shows that the water content of AOT/toluene solutions 
indeed changes with the LbL chamber RH as well as with time. 
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Figure 5.2. Temporal change in water content of 100 mM AOT/toluene solutions kept at 
low (~ 12 %), medium (~ 42 %) and high (~ 62 %) relative humidity. 
 
Despite the significant fluctuations in the ambient lab RH with time, the RH within the 
LbL chamber containing drierite or saturated salt solutions is found to stabilize after ~ 5 
hours as shown in Figure 5.3. However, Figure 5.2 shows that it takes ~ 24 hours for the 
water content of 100 mM AOT/toluene solutions kept at medium and high RH to reach a 
steady value. The water content of AOT/toluene solutions is found to be higher than pure 
toluene for all RHs due to the hygroscopic nature of AOT as shown in Figure 5.4.
69
 The 
addition of particles, as exemplified by Al2O3 added to 100 mM AOT/toluene, results in a 
modest increase in the water content of dispersions kept at a low RH, and has a negligible 
effect on the water content of dispersions kept at medium and high RH as shown in 
Figure 5.4. In short, these results strongly indicate that water is mostly introduced into 
dispersions by AOT and partitioning of ambient water vapor into solution. 
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Figure 5.3. Temporal change in relative humidity inside (black symbols) and outside (red 
symbols) LbL chamber. The humidity inside the LbL chamber is fixed at (a) low (~ 12 
%), (b) medium (~ 42 %) and (c) high (~ 62 %) relative humidity. The measured relative 
humidity outside the chamber differs for each run and with time due to constant 
fluctuations in ambient lab relative humidity. 
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Figure 5.4. Temporal change in water content for pure toluene (black symbols), 100 mM 
AOT/toluene (red symbols) and Al2O3 dispersed in 100 mM AOT/toluene (blue symbols) 
for (a) low, (b) medium and (c) high relative humidity. 
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Layer–by–layer (LbL) assembly in this study is started after keeping dispersions at a 
fixed RH for ~ 24 hours. After this time, the dispersion water content does not change 
appreciably. Particle dispersions are sonicated for 20 minutes to get homogeneous 
dispersions prior to starting the LbL run. This sonication step breaks up any particle 
aggregates that may have formed and has little effect on the water content of the 
dispersions as shown Figure 5.5 below.  
 
Figure 5.5. Water content of (a) Carbon black and (b) Al2O3 dispersed in 1 mM 
AOT/toluene before (left – solid color) and after (right – patterned) 20 mins of 
sonication. Dispersions are kept at low, medium and high relative humidity. 
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The 15 bilayer LbL runs used in this study take ~ 10 hours (time range ~ 24 – 34 hours in 
Figure 5.2 and Figure 5.4), during which the dispersion water content does not change 
appreciably. Meanwhile ambient lab RH fluctuates considerably with time (Figure 5.3), 
thus, emphasizing the importance of using a fixed RH to ensure that the water content of 
non–polar LbL solutions and particle dispersions does not change with time. 
 
5.3.2 Effect of Relative Humidity on Particle Electrophoretic Mobility and Size 
Al2O3 and carbon black (CB) dispersions with varying [AOT] are prepared and kept at 
low, medium and high RH to fix the water contents within the dispersions. Following 
this, the electrophoretic mobility (a measure of particle charge) of both particles is 
measured for increasing [AOT]. Both the electrophoretic mobility of Al2O3 and CB are 
found to change with [AOT] as shown in Figure 5.6a,b. In general, the magnitude of the 
electrophoretic mobility is characterized by an increase to a maximum value followed by 
a gradual decrease as [AOT] increases. Similar trends have previously been observed in 
studies involving charging of metal oxides and CB in non–polar media.
70, 77, 113, 123, 124
 
The initial rise in electrophoretic mobility is believed to be a result of increasing acid–
base interactions, whereas the gradual decrease is thought to be a result of screening by 
charged micelles.
69, 75
 
For the AOT concentrations used for LbL in this study, 1, 10, and 100 mM, the 
measured electrophoretic mobility reveals that RH has a significant effect on the charge 
of both Al2O3 and CB particles. In general, Figure 5.6a shows that the electrophoretic 
mobility of Al2O3 dispersed in 1 and 10 mM AOT/toluene decreases with increasing RH, 
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however, the electrophoretic mobility of Al2O3 dispersed in 100 mM AOT/toluene 
increases with RH. Likewise, Figure 5.6b shows that increasing RH slightly increases the 
electrophoretic mobility of CB dispersed in 1 mM AOT/toluene but decreases the 
electrophoretic mobility in 10 and 100 mM AOT/toluene. The size of Al2O3 particles 
changes slightly with water content while that of CB increases (Figure 5.6c,d).  
 
 
Figure 5.6. Change in electrophoretic mobility of dispersed (a) Al2O3, and (b) carbon 
black as a function of [AOT]. Change in size of (c) Al2O3, and (b) carbon black particles 
with water content in AOT/toluene. Dispersions are kept at low, medium and high 
relative humidity. 
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5.3.3 Effect of Relative Humidity on the Growth of LbL Films 
The study of LbL assembly of charged Al2O3 and CB in AOT/toluene in Chapter 3 
revealed that the concentration of AOT ([AOT]) can be used to tune the growth behavior 
of LbL films. In this present study, it is possible that for a fixed [AOT], the growth of 
LbL films will change with RH, since increasing RH is found to have a significant effect 
on the electrophoretic mobility of dispersed Al2O3 and CB particles (Figure 5.6a,b). This 
hypothesis is probed by varying the LbL chamber RH for 1, 10 and 100 mM AOT 
assembly conditions. Figure 5.7 reveals that RH indeed has a significant effect on the 
growth of LbL films on bare glass slides, as films with varying darkness and uniformity 
are obtained depending on the [AOT] and RH combination used.  
Scanning electron microscopy (SEM) images reveal that films assembled at 1 and 
10 mM AOT/toluene and low RH are dense and have complete surface coverage (Figure 
5.8e,f ). Although the 10 mM–high RH film appears fairly uniform, SEM images (Figure 
5.8c,d) show that the surface coverage is incomplete even after 15 bilayers. Visual 
inspection shows that the remaining assembly conditions produce films of poor quality 
characterized by non–uniform surface coverage even after 15 bilayers. From the SEM 
images of these samples (Figure 5.8a,b), it is evident that the surface coverage of Al2O3 
and CB particles is very low. 
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Figure 5.7. Photographs of 15 bilayer CB/Al2O3 LbL films formed on bare glass slide 
using 1, 10, and 100 mM assembly conditions. Dispersions used for LbL are kept at low, 
medium, and high relative humidities. 
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Figure 5.8. Scanning electron micrographs of CB/Al2O3 films assembled at (a, b) 1 mM, 
(c, d) 10 mM AOT/toluene and high relative humidity, (e, f) 1 mM AOT and low relative 
humidity (primer layer). 
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UV–Vis spectroscopy and film thickness measurements are used to quantify the effect of 
RH on the growth of LbL films. Figure 5.9 shows that the UV–Vis absorbance at 500 nm 
for CB/Al2O3 films changes with both [AOT] and RH. These changes are indicative of 
the amount of deposited materials on the bare glass slide as shown in Figure 5.7. It is 
plausible that the poor film quality for some [AOT] and RH combinations is a result of 
poor adhesion between particles and the substrate during LbL assembly. To address poor 
material adhesion in aqueous LbL assembly, primer layers are often used since they 
facilitate the adsorption of polymers and nanoparticles on a substrate by reducing the 
influence of the substrate.
11, 26, 125
 For this study, a 15 bilayer CB/Al2O3 LbL film 
assembled at 1 mM–low RH is used as the primer layer since this condition gives 
uniform films with complete surface coverage as shown in Figure 5.7 and Figure 5.8e,f. 
Figure 5.9a and Figure 5.10a respectively show the absorbance and thickness of 
LbL films atop primer layers. To better quantify only the LbL films deposited on the 
primer layer, increases in absorbance (Ap+f – Ap) and thickness (Tp+f – Tp) are calculated 
as shown in Figure 5.9b and Figure 5.10b respectively. Here, ‘A’ represents the 
absorbance at 500 nm and ‘T’ the thickness while subscripts ‘p’ represents the primer 
layer and ‘f’ the LbL film deposited on top of the primer layer. The increase in film 
thickness (Tp+f – Tp) is found to scale linearly with the increase in absorbance (Ap+f – Ap) 
as shown in Figure 5.10c. From these numerical results, it is evident that different growth 
behaviors can also be achieved on the primer layer, by changing [AOT] and RH of the 
LbL run. For example, both UV–Vis and thickness measurements show that high RH 
consistently results in the thinnest films on the primer layer for all [AOT]. Conversely, 
101 
 
the thickest films atop the primer layers are obtained at 1 mM–low RH and 10 mM–high 
RH, the latter condition being thicker than the former. Meanwhile, medium RH 
conditions result in films with intermediate thicknesses. Interestingly, the LbL film 
growth with 100 mM AOT is comparable for all RHs.  
 
Figure 5.9. (a) UV–Vis absorbance at 500 nm for assembled CB/Al2O3 + primer layer 
films, and (b) increase in absorbance, resulting from only 15 bilayers of CB/Al2O3 
deposited on primer layer. Films are assembled at different conditions.  
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Figure 5.10. (a) Thickness measurements for CB/Al2O3 + primer layer films, (b) increase 
in film thickness compared to primer layer, and (c) increase in film thickness versus 
increase in absorbance. Films are assembled at different conditions. 
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A comparison of the UV–Vis absorbance between films deposited on bare glass slide to 
those atop primer layer shows that the effect of the primer layer on LbL film growth is 
not consistent. Figure 5.11 reveals that for some assembly conditions, specifically 10 
mM–low RH, 1 mM–medium RH, and 10 mM–medium RH, the primer layer increases 
the deposition of material. However, for other assembly conditions such as 1 mM–low 
RH and 10 mM–high RH, the primer layer decreases deposition. Furthermore, the primer 
layer can result in negligible change in the deposition of material as seen for 1 mM–high 
RH, 100 mM–medium, and 100 mM–high RH.  
 
Figure 5.11. (a) UV–Vis absorbance at 500 nm for assembled CB/Al2O3 + primer layer 
films and (b) increase in absorbance compared to primer layer using dispersions kept at 
different relative humidities and with varying [AOT]. Black symbols represent films 
formed on primer layer and red symbols for films assembled on bare glass. 
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It is quite plausible that the absence of AOT in the pure toluene rinse baths would result 
in the removal of particles from the LbL films during the pure toluene rinse steps since 
particles have no charge in the absence of AOT; thus, the pure toluene rinse baths are 
replaced with AOT/toluene. This effort, however, yields no improvement in film quality 
or growth as exemplified by two assembly conditions: 100 mM–high RH and 10 mM–
medium RH (Figure 5.12). The possiblity of any effects from the rinse procedures is 
therefore ruled out. 
 
Figure 5.12. Photographs of 15 bilayer CB/Al2O3 LbL films assembled on bare glass 
slides using 100 mM assembly conditions and high relative humidity with standard rinse 
baths. The deposition times in particle suspensions are (a) 10 min and (b) 30 min. In (c), 
all rinse baths are 100 mM AOT/toluene at high relative humidity while in (d), all rinse 
baths are 10 mM AOT/toluene at medium relative humidity. 
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A prior study by Lee et. al. on all–nanoparticle LbL in water showed that the zeta 
potential ratio of oppositely charged nanoparticles in suspension can be used to control 
the growth of LbL films.
40
 Based on this report, the changes in the electrophoretic 
mobility of Al2O3 and CB particles with RH (Figure 5.6) on the growth behavior of the 
LbL films is probed. The attempt to establish a relationship between the electrophoretic 
mobility (EM) ratio of CB and Al2O3 a (i.e. EMCB / EMAl2O3) as shown below in Figure 
5.13, reveals no strong correlation. However, in general, the film thickness tends to 
decrease with RH as previously described and as shown in Figure 5.14a. This observation 
suggests that water content rather has an effect on the growth rate of films. Figure 5.14b 
shows that in fact, there is some relationship between the film thickness and the water 
content of the dispersions such that the thickness decreases with increasing water content.  
 
Figure 5.13. Increase in film thickness versus electrophoretic mobility (EM) ratio of CB 
and Al2O3 resulting from deposition of 15 bilayer CB/Al2O3 films for all assembly 
conditions and relative humidities. 
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Figure 5.14. Film thickness versus (a) relative humidity, and (b) water content, for 15 
bilayer CB/Al2O3 films assembled on top of primer layer. 
 
Quartz crystal microbalance with dissipation (QCM–D) is employed to study the effect of 
water on the adsorption of CB and Al2O3. In QCM measurements, frequency shifts (Δf) 
are proportional to the change in mass of material on the QCM crystal, specifically, the 
adsorption of material results in more negative frequency shifts while desorption results 
in more positive frequency shifts. Two assembly conditions, which have contrasting 
growth behaviors (1 mM–low RH and 1 mM–high RH) are used. Furthermore, the LbL 
protocol used to assemble CB/Al2O3 films on bare glass slides is replicated. In this 
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protocol, CB is first deposited on glass slides, therefore, the QCM study begins by 
monitoring the adsorption of CB on a silica–coated QCM crystal. The adsorption of CB 
on the QCM crystal is found to be comparable for two different RHs (i.e. water contents) 
and [AOT] as shown in Figure 5.15a. Furthermore, the change in frequency shift with 
time shows that CB continues to adsorb on the surface of the QCM crystal even after the 
10–minute interval used for LbL. However, CB/Al2O3 films formed on bare glass slides 
with longer deposition times of 30–minutes at high RH are nevertheless non–uniform 
although they appear slightly darker (Figure 5.12a,b). In the second step of the LbL 
protocol used, Al2O3 is deposited on top of the previous CB layer; therefore, the QCM 
study continues by monitoring the adsorption of Al2O3 on top of the CB–coated QCM 
crystal. The negative frequency shift for Al2O3 at low RH in Figure 5.15b reveals that 
Al2O3 adsorbs on top of the CB–coated QCM crystal, however, the adsorption of Al2O3 at 
high RH is found to differ significantly. For this high RH condition, the initial frequency 
shift during exposure of CB–coated QCM crystal to Al2O3 is slightly positive, implying 
that a small amount of the preexisting CB layer desorbs from the surface. However, after 
~20 minutes, the frequency shift becomes slightly negative due to the adsorption of a 
small amount of Al2O3. This result, along with similar adsorption behavior observed for 
100 mM–high RH sample (Figure 5.16) suggests that the relatively low adsorption of 
Al2O3 at high RH compared to the adsorption of Al2O3 at low RH results in poor film 
growth. In fact, there is some agreement with the earlier study on CB/Al2O3 LbL films 
(Chapter 3) in which repeated deposition of glass slides in only CB dispersions gave 
films (Figure 3.7b) comparable to the non–uniform films shown in Figure 5.7.
123
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Furthermore, the slight desorption of preexisting CB layers during exposure to Al2O3 
accounts for the decrease in the thickness of CB/Al2O3 LbL films assembled on top of a 
primer layer for some assembly conditions. Although the exact reason for the negligible 
adsorption of Al2O3 at high RH remains unclear, it is quite possible that a combination of 
water content, particle charge and adsorbed AOT play a critical role in the adsorption of 
particles. The relative contribution of each parameter warrants further investigation on 
the adsorption of particles will warrant further study.  
 
Figure 5.15. QCM frequency shifts (fifth overtone – Δf5) for (a) carbon black depositing 
on bare Si QCM crystal and (b) Al2O3 depositing on carbon black coated QCM crystal. 
Both particles are dispersed in 1 mM AOT/toluene at low and high RH.  
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Figure 5.16. QCM frequency shifts (fifth overtone – Δf5) for carbon black and Al2O3 
dispersed in 100 mM AOT/toluene at high RH. Carbon black adsorbs on a bare Si QCM 
crystal while Al2O3 adsorbs on a carbon black coated QCM crystal. 
 
5.4 Conclusions 
In conclusion, the study presented in this chapter showed that relative humidity has a 
significant effect on the water content of AOT/toluene solutions and particle dispersions 
used for LbL assembly in a non–polar solvent, toluene. These changes, in turn, affect the 
electrophoretic mobility of Al2O3 and CB particles in AOT/toluene. Furthermore, RH 
affects the growth and quality of LbL assembled CB/Al2O3 films. In general, for a fixed 
[AOT], the thickness of CB/Al2O3 films formed tends to decrease as RH increases, thus 
emphasizing the importance of controlling the water content in particle dispersions used 
during LbL assembly in non–polar solvents. Increasing water content was found to 
diminish the adsorption of Al2O3, which in turn hampers the growth of films. The origin 
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of this behavior remains unclear; however, it is possible that the particle charge, the 
amount of water present in dispersions, and even adsorbed AOT could all play a role in 
the adsorption of particles and growth of LbL assembled films in non–polar media. 
Future work will involve elucidating the role of each of these parameters on LbL 
assembly film growth in non–polar solvents. 
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Chapter 6. Photocatalytic and Conductive 
MWCNT/TiO2 Nanocomposite Thin Films Generated 
via Layer–by–Layer Assembly in Non–Polar Media 
 
Reprinted (adapted) with permission from Tettey, K. E.; Yee, M. Q.; Lee, D. Photocatalytic and 
Conductive MWCNT/TiO2 Nanocomposite Thin Films. ACS Appl. Mater. Interfaces, 2010, 2, 2646–2652. 
Copyright (2010) American Chemical Society. 
 
6.1 Introduction 
Photocatalytic materials convert solar energy to chemical energy, making them useful for 
the decontamination of organics
126, 127
 and biological pathogens.
128, 129
 Titanium dioxide 
(TiO2) is one of several semiconductors with desirable photocatalytic properties which 
generates electron–hole pairs upon activation by ultraviolet (UV) light. These electron–
hole pairs, in turn, create active species such as surface associated OH radicals, 
photogenerated OH radicals and superoxides (O2∙), which participate in subsequent 
chemical reactions leading to the degradation of organic contaminants.
130
 
The utility of TiO2 as a photocatalyst, however, is often limited by the 
recombination of photogenerated electron–hole pairs.
130
 Suppression of electron–hole 
recombination is thought to be imperative for improving the photocatalytic activity of 
TiO2.
130
 One proposed method of achieving this task is by creating nanocomposites of 
TiO2 and carbon nanotubes (CNTs). The unique characteristics of CNTs, such as their 
electron–accepting capability and conductivity, make them ideal for sequestering 
photogenerated electrons.
131
 These properties of CNTs could hinder electron–hole 
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recombination, thus leading to the enhancement of TiO2 photocatalytic activity. In 
addition, the suppression of electron–hole recombination in TiO2 has been utilized to 
improve the efficiency of dye–sensitized solar cells
132
 and photoelectrochemical solar 
cells.
133
  
CNT–TiO2 nanocomposites have been prepared through a number of different 
techniques. These include hydrothermal treatment,
132,134
 sol–gel coating of CNTs,
135, 136
 
hydrolysis,
137
 electrodeposition
138
 and electrospinning.
139
 A major drawback to many of 
these methods is that they typically depend on the oxidation of CNTs to prepare 
CNT/TiO2 nanocomposites. Although the fabrication process can be readily facilitated by 
using oxidation, such treatment typically involves the use of highly corrosive chemicals 
and drastically changes the electronic properties of CNTs by disrupting their conjugated 
structure. Such changes, in turn, degrade the efficacy of CNTs as electron acceptors and 
carriers.
39, 140
 In addition, the aforementioned methods of fabricating CNT/TiO2 
nanocomposites have been mostly used for the generation of bulk nanocomposites and do 
not provide a straightforward method for creating conformal thin films and coatings with 
precisely controlled composition and properties. The generation of CNT/TiO2 thin films 
would enhance the utility of these nanocomposites in various applications.   
One versatile method of fabricating nanocomposite thin films is layer–by–layer 
(LbL) assembly. Previous reports have demonstrated that photocatalytic thin films 
composed of TiO2 nanoparticles and charged polymers can be generated by LbL 
assembly.
141-145
 Incorporation of CNTs into TiO2 thin films using LbL assembly could 
further enhance their photocatalytic activity. However, LbL assembled nanocomposite 
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thin films composed of CNTs have been generally prepared using oxidized CNTs paired 
with an oppositely charged polymer in aqueous solutions.
146-148
 Although high 
temperature hydrogen treatment can be used to reduce the oxidized bonds in CNTs, the 
complete recovery of the pristine properties of CNTs is difficult.
149
 While un–oxidized 
CNTs have been incorporated into LbL assembly films from aqueous solutions using 
anionic surfactants,
150
 aromatic surfactants
151, 152
 and copolymers,
153
 such approaches 
typically require the utilization of newly synthesized molecules for the stabilization of 
CNTs. 
The study reported in this chapter utilizes the LbL assembly technique developed in 
Chapter 3 to demonstrate that conductive and photocatalytic MWCNT/TiO2 
nanocomposite thin films can be generated based on LbL assembly in non–polar solvents. 
This LbL assembly approach enables the incorporation of pristine MWCNTs into thin 
films without the need for their oxidation through harsh chemical treatments. In addition, 
it will be shown that the growth behavior and electrical properties of MWCNT/TiO2 thin 
films can be controlled by varying the assembly parameters, and that the presence of 
MWCNTs enhances the photocatalytic activity of TiO2 nanoparticles. 
 
6.2 Experimental Section 
6.2.1 Electrophoretic Mobility Measurements 
MWCNT and TiO2 particle suspensions in toluene containing AOT (AOT/toluene) are 
made by firstly preparing 0.1 wt. % of particles in pure toluene (Fisher). 200, 100, 20, 10, 
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2 and 1 mM AOT (Sigma–Aldrich) in toluene are also prepared in separate vials. The 0.1 
wt % TiO2 powder (Degussa P25) and MWCNTs (Cheap Tubes Inc.) in pure toluene is 
sonicated for 1 hour then mixed with an equal volume (3 mL) of AOT/toluene solutions 
to obtain 0.05 wt. % particles in 100, 50, 10, 5, 1 and 0.5 mM AOT/toluene. Particle 
suspensions in AOT/toluene are sonicated for an additional hour. TiO2 suspensions are 
allowed to sediment overnight and MWCNTs are filtered through a 5 μm PTFE filter 
before being used for electrophoretic mobility measurements. Electrophoretic mobility 
measurements are made with a Beckman Coulter Delsa Nano–C at a field voltage of 
85.2V/cm. 
 
6.2.2 Layer–by–Layer Assembly of MWCNTs and TiO2 
AOT/toluene solutions (60 mL) are prepared by making a 400 mM AOT stock solution 
followed by dilution to 200, 100, 20 and 10 mM solutions. 0.1 wt. % of TiO2 and 
MWCNTs (60 mL) are prepared in pure toluene and sonicated for 1 hour. An equal 
volume (30 mL) of AOT/toluene solutions and 0.1 wt. % particle suspension in pure 
toluene are mixed together and sonicated for 1 hour to yield 0.05 wt. % TiO2 and 
MWCNTs in 200, 100, 50, 10 and 5 mM AOT/toluene. LbL assembly of MWCNTs and 
TiO2 is performed on glass slides (Fisherbrand) cleaned by sonication in NaOH (1 M) for 
20 min followed by rinsing in de–ionized (D.I.) water (18.2 MΩ–cm) and drying with 
compressed air. The cleaned glass slides are exposed to the prepared solutions in the 
following order: 0.05 wt. % MWCNTs in AOT/toluene, AOT/toluene rinse, toluene and 
toluene followed by 0.05 wt. % TiO2 in AOT/toluene, AOT/toluene rinse, toluene and 
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toluene. The concentration of AOT in the AOT/toluene rinse baths is kept at the same 
concentration as in particle suspensions. A StratoSequencer VI (NanoStrata Inc.) is 
programmed to expose slides in particle suspensions for 10 min, followed by 2, 1 and 1 
min in rinse baths. 
 
6.2.3 MWCNT/TiO2 Film Characterization 
Absorbance measurements on films are made using a Cary 5000 (Varian Inc.) UV–Vis–
NIR spectrophotometer. The absorbance at 500 nm is used for all data analysis. SEM 
images are taken with an FEI 600 Quanta FEG ESEM at 5 kV. Sheet resistance 
measurements are taken with a four–point probe station comprised of a Cascade 
Microtech C4S 4–Point probe head, HP power supply unit and Keithley 2000 
multimeters. Voltage and current measurements are taken at 10 random locations on each 
MWCNT/TiO2 film. These values are subsequently used to calculate the sheet resistance. 
Thickness measurements are made with a Zygo NewView 6K series optical profilometer. 
To get an averaged film thickness, height profiles along a line segment are integrated and 
normalized with the length of the profile. Film thickness and sheet resistance 
measurements are used to calculate film conductivities. TGA measurements are taken 
with a TA Instruments SDT Q600. Samples for TGA are prepared by scraping off 60–
bilayer films into a platinum TGA pan. The temperature is ramped from room 
temperature to 110 
o
C at 10 
o
C/min then held for 20 minutes to remove residual moisture. 
Following this, the temperature is increased to 1000 
o
C at a ramp rate of 10 
o
C/min and in 
air. Surface coverage is determined by analyzing SEM images using image analysis 
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software ImageJ. The image threshold is adjusted until all MWCNT/TiO2 domains are 
covered. From this, the surface coverage is calculated as the ratio between the area of 
MWCNT/TiO2 domains and the total image area. 
 
6.2.4 Photocatalytic Activity of MWCNT/TiO2 Films 
Photocatalysis experiments are performed by preparing 5 mg/L Procion Red MX–50 dye 
(Sigma–Aldrich) in D.I. water as the model organic contaminant. The glass slides on 
which MWCNT/TiO2 films are prepared are cut to make use of only the regions with 
assembled films. For consistency, the same film areas are used for each set of 
experiments. The slides are placed in a plastic petri dish containing dye solution (7 mL). 
The petri dish is covered with a quartz slide to minimize evaporation. A UV lamp (UVP 
Inc.) is placed 6.7 cm above the petri dish followed by insulation of the setup from 
external light. Longwave UV (365 nm, 6 W) is used for all experiments. 500 μL of dye 
sample is collected every 30 min for UV–Vis analysis. For this analysis, the absorbance 
at the peak (538 nm) is monitored to determine the concentration change of the dye 
solution. Single component TiO2 films are formed by calcining MWCNT/TiO2 films at 
600
o
C for 1 hour. The same procedure described above is used to probe the 
photocatalytic activity of single component TiO2 films. X–ray diffraction (XRD) analysis 
is performed using a Rigaku GeigerFlex D/Max–B powder diffractometer equipped with 
a Cu Kα source. The fate of AOT after photocatalysis is probed by using FTIR 
spectroscopy. 30–bilayer MWCNT/TiO2 films from 100 mM AOT suspensions are 
deposited on two CaF2 FTIR windows (Thorlabs Inc.). Each sample is placed in a plastic 
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petri dish containing D.I. water. While the first film was kept in the dark for 5 hours, the 
second was irradiated with 365 nm UV for the same period. A Nicolet 8700 FTIR 
spectrometer (Thermo Scientific) is used for data acquisition.  
 
6.3 Results and Discussion 
6.3.1 Charging of MWCNT and TiO2 in Toluene  
Particles in non–polar solvents tend to be colloidally unstable when no electrostatic or 
steric repulsion exists between them.
154
 To suspend multi–walled carbon nanotubes 
(MWCNTs) and TiO2 nanoparticles by electrostatic repulsion in a low permittivity 
solvent, toluene (ε = 2.3), a charge inducing agent, Aerosol OT (AOT), is used. In non–
polar solvents, it is believed that AOT molecules form reverse micelles, a small fraction 
of which undergo spontaneous disproportionation to from oppositely charged micelles. 
44, 
69
 While TiO2 and MWCNTs could not be dispersed in pure toluene, TiO2 became well 
dispersed throughout our AOT concentration range (0.5 – 100 mM) and MWCNTs 
became well dispersed in solutions with AOT concentration of 5 mM and greater as 
shown below in Figure 6.1. 
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Figure 6.1. (a) MWCNTs and (b) TiO2 dispersed in toluene containing different AOT 
concentrations shown in red text. 
 
To observe the change in surface charge of TiO2 and MWCNTs in toluene with varying 
concentration of AOT ([AOT]), electrophoretic mobility measurements are taken as 
shown in Figure 6.2. The electrophoretic mobility of both TiO2 and MWCNTs is seen to 
depend on [AOT]. Interestingly, while TiO2 particles acquired positive charge, MWCNTs 
became negatively charged in AOT/toluene solutions. In Chapter 3, carbon–based 
material (carbon black) was shown to become negatively charged, while oxide alumina 
became positively charged in AOT/toluene solutions.
123
 Figure 6.2a and Figure 6.2b 
show that the magnitude of the electrophoretic mobility of TiO2 and MWCNTs increases 
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with [AOT] and have maximum magnitude between 10 – 50 mM AOT. As the 
concentration of AOT increases beyond a peak value, AOT counterions overcrowd and 
screen the surface leading to a decrease in the surface charge.
70
  
 
Figure 6.2. Electrophoretic mobility of dispersed (a) MWCNTs and (b) TiO2 as a 
function of [AOT] present in toluene solution. Error bars represent standard deviations of 
three measurements. TiO2 particles acquire a positive charge whereas MWCNTs become 
negatively charged in AOT/Toluene. 
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6.3.2 Heteroaggregation of MWCNT and TiO2 in Toluene 
To test for the existence of attractive interactions between oppositely charged particles, 
MWCNTs and TiO2 in AOT/toluene solution were mixed together in a 1:1 ratio in a 
similar manner to the test carried out in Chapter 3. The mixture begins to quickly 
aggregate and eventually becomes clear overnight as shown below in Figure 6.3. The 
heteroaggregation of oppositely charged MWCNTs and TiO2 strongly suggests the 
existence of attractive forces in this non–polar medium thus making this system useful 
for LbL. 
 
Figure 6.3. Heteroaggregation of charged MWCNTs and TiO2 in toluene at (a) time = 0, 
(b) time = 5 mins and (c) time = 24 hours. The concentration of AOT in each mixture is 
indicated 
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6.3.3 Layer–by–Layer Assembly of Charged MWCNT and TiO2 in Toluene 
LbL assembly of MWCNTs and TiO2 suspended in a wide range of AOT concentration is 
performed on glass slides to generate MWCNT/TiO2 nanocomposite thin films. These 
nanocomposite films became darker with increasing number of deposited bilayers as 
shown in Figure 6.4a. UV–Vis absorbance measurements (Figure 6.4b) also show that the 
absorbance of the films increases with the number of bilayers. The increase in absorbance 
as a function of deposited bilayers is linear for each assembly condition, indicating that 
the incorporation of MWCNTs within the film increases linearly. Such linear growth is 
often observed for LbL assembly of oppositely charged materials in aqueous solutions.
155
 
The slope of the absorbance as a function of deposited bilayers is also seen to vary with 
the concentration of AOT in solution. This dependence indicates that changing the 
concentration of AOT is a convenient method of controlling film growth and composition 
during LbL assembly in non–polar media, a direct analogy to controlling the pH and/or 
ionic strength of aqueous solutions.
12
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Figure 6.4. (a) Picture of MWCNT/TiO2 films assembled on glass slides with 50 mM 
AOT in MWCNT and TiO2 solutions. The blue text on glass slide represents the number 
of bilayers (e.g. 5BL = 5 bilayers). (b) Absorbance (measured at 500 nm) of 
MWCNT/TiO2 films on glass slides as a function of the number of bilayers.  
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The morphology of MWCNT/TiO2 nanocomposite films was investigated using scanning 
electron microscopy (Figure 6.5). These images reveal that the surface coverage of 
MWCNT/TiO2 films increases with the number of deposited bilayers. For 5– and 10–
bilayer films (Figure 6.5a,b), MWCNT and TiO2 particles are seen to cluster into isolated 
domains on the surface. These isolated clusters of TiO2 and MWCNTs continue to grow 
laterally until, a contiguous film is formed as seen in Figure 6.5c. Since the Debye length 
of charged species in AOT/toluene solutions is very large due to the low dielectric 
constant of the solution,
73
 the long–ranged electrostatic repulsion between particles with 
the same charge likely plays a significant role in the formation of particle domains on the 
surface. Similar transitions in film morphology have been observed for LbL assembly of 
oppositely charged nanomaterials in aqueous media
12
 as well as in LbL assembly of 
oppositely charged carbon black and alumina in toluene as discussed in Chapter 3.
123
   
Figure 6.5c,d illustrates the porous nature of these MWCNT/TiO2 films. High 
film porosities are particularly advantageous for catalysis applications. Previous studies 
based on the LbL assembly of oppositely charged nanoparticles have also shown that 
porous structures are useful for controlling the wetting and optical properties of 
surfaces.
22, 58
 A high magnification image of a 30–bilayer film (Figure 6.5d) shows that 
MWCNTs are homogeneously dispersed in the film, maximizing the contact area 
between MWCNTs and TiO2. Homogeneous dispersion of MWCNTs within the film is 
important for forming a continuous network for electron transport and for preventing the 
recombination of photogenerated electron–hole pairs. 
 
124 
 
 
Figure 6.5. SEM images comparing the morphology of MWCNT/TiO2 films for (a) 5 
bilayers, (b) 10 bilayers, (c) and (d) 30 bilayers. MWCNT/TiO2 films are generated using 
particles suspended in 50 mM AOT/toluene solutions. 
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6.3.4 Film Composition 
UV–Vis absorbance measurements show that the absorbance of the nanocomposite films 
depends on [AOT], suggesting that the composition of the films is changing. To confirm 
this observation, the mass fractions of AOT, MWCNTs and TiO2 in films assembled 
from solutions with varying [AOT] are quantified by using thermogravimetric analysis 
(TGA). The composition of films obtained from TGA thermograms are summarized in 
Table 6.1. The results show that the [AOT] affects the composition of films fabricated 
from different assembly conditions. The increase in mass fraction of MWCNTs due to 
changing assembly conditions, albeit small, suggests that the [AOT] can be used to tune 
film composition. 
Table 6.1. Composition of MWCNT/TiO2 films assembled with different [AOT]. 
 
[AOT]  
(mM) 
AOT 
( % ) 
MWCNT 
( % ) 
TiO2 
( % ) 
50 6.0 12.1 81.9 
100 7.4 13.1 79.5 
200 7.5 13.8 78.7 
 
6.3.5 Conductivity of MWCNT/TiO2 Films 
CNT/TiO2 nanocomposites have shown great promise for their application in 
photocatalysis and photovoltaics. This is primarily because the conjugated structure of 
CNTs enables them to act as excellent carriers through which electrons can transport 
efficiently. This property is especially attractive for generating working electrodes for 
dye–sensitized solar cells (DSSCs) since the continuous pathway for electron transport 
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ensures an efficient collection of photogenerated electrons produced by TiO2 
nanoparticles.
132
 In addition to this application, conductive films could have useful roles 
for applications such as capacitors and batteries.
156, 157
 
The effect of MWCNTs on the conductivity of our nanocomposite films is studied 
by taking sheet resistance measurements as a function of the number of deposited 
bilayers as shown in Figure 6.6. The observed decrease in sheet resistance (Figure 6.6a) 
with increasing number of deposited bilayers indicates that the MWCNT/TiO2 films 
become more conductive. This increase in conductivity is attributed to an increase in 
MWCNTs in the films and, more importantly, to the increased percolation of MWCNTs 
within the nanocomposite film as more bilayers are deposited. As the isolated domains of 
TiO2 and MWCNTs on the substrate begin to merge, they form contiguous films as seen 
in morphological transitions in Figure 6.5. 
The results from thermogravimetric analysis (TGA) of the MWCNT/TiO2 
composite films (Table 6.1) show that AOT is incorporated within the nanocomposite 
films during LbL assembly. It is likely that AOT forms thin layers on MWCNTs and 
TiO2, which could influence the conductivity of the nanocomposite thin film. Although 
AOT is an insulator, the nanocomposite films are, nevertheless, conductive. Other studies 
that generate LbL composite films containing CNTs have shown that the films are 
conductive despite the presence of insulating organic materials.
150
 It also has been 
reported that the conductivity in nanocomposites does not necessarily require 
uninterrupted electrical contact between MWCNTs, but rather needs sporadic ohmic 
connections between MWCNTs.
153
 Electron transport from TiO2 to MWCNTs could 
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occur based on a similar mechanism. Interestingly, attempts to selectively remove AOT 
via thermal treatment at 400 °C under inert condition led to a negligible change in the 
conductivity of MWCNT/TiO2 nanocomposite thin films. 
 
Figure 6.6. (a) Sheet resistance measurements as a function of number of desposited 
bilyaers for MWCNT/TiO2 films fabricated from 200 mM AOT suspensions. (b) 
Conductivity of 30–bilayer MWCNT/TiO2 films as a function of [AOT]. Error bars 
indicate standard deviations for 10 measurement. 
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The effect of assembly conditions (i.e., the concentration of AOT) on the conductivity of 
MWCNT/TiO2 films is illustrated by conductivity values for 30–bilayer films as shown 
in Figure 6.6b. Here, the conductivity of the LbL films increases with the [AOT]. This 
observed trend is likely a result of an increase in MWCNT loading in the films as the 
[AOT] is increased. This hypothesis is supported by the fact that as the concentration of 
AOT is increased, UV–Vis and TGA measurements show a corresponding increase in 
MWCNTs within the film. 
Figure 6.6b also shows that the conductivity of 30–bilayer MWCNT/TiO2 films 
lies in two distinct groups. The conductivity of 5, 10 and 50 mM samples are comparable, 
but smaller than 100 and 200 mM samples. The higher conductivity of 100 and 200 mM 
films is ascribed to the dense network of MWCNTs within these films. SEM images of 
20–bilayer MWCNT/TiO2 nanocomposite films assembled at different AOT 
concentrations highlight the differences in film morphology for a fixed number of 
bilayers. While films assembled with 5, 10 and 50 mM AOT solutions are seen to have 
non–uniform surface coverage (Figure 6.7a–c), those generated in 100 and 200 mM AOT 
solutions form a homogeneous network of MWCNT/TiO2 nanocomposite (Figure 6.7d,e). 
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Figure 6.7. SEM images for 20–bilayer MWCNT/TiO2 films composed with (a) 5 mM, 
(b) 10 mM, (c) 50 mM, (d) 100 mM and (e) 200 mM AOT. 
 
The surface coverage of 20–bilayer films, quantified as seen in Figure 6.8, confirms that 
the surface coverage of films indeed lie in two distinct groups. 100 and 200 mM samples 
are seen to have comparable surface coverage, which are larger than the surface coverage 
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of 5, 10 and 50 mM samples. This result clearly indicates that by changing the assembly 
condition, it is also possible to control the physical properties of MWCNT/TiO2 
nanocomposite thin films. 
 
Figure 6.8. Surface coverage of 20–bilayer MWCNT/TiO2 films as a function of 
concentration of AOT.  
 
6.3.6 Enhanced Photocatalytic Activity of MWCNT/TiO2 Films 
As previously mentioned, the excellent electron accepting properties of CNTs could aid 
in suppressing the recombination of photogenerated electron–hole pairs. Furthermore, 
CNTs within nanocomposites increase the specific area available for adsorption of 
pollutants.
131
 As a result of these effects, CNT/TiO2 nanocomposite structures are 
expected to have enhanced photocatalytic activity compared to single–component TiO2 
structures.
131
 The enhancement effect of MWCNTs is studied by comparing the 
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photocatalytic activity of 30–bilayer TiO2 thin films assembled from 50 mM AOT 
suspension with and without MWCNTs. Single component TiO2 thin films are prepared 
by removing MWCNTs from the MWCNT/TiO2 nanocomposite films through high 
temperature calcination at 600°C for 1 hour. The characterization of calcined films using 
UV–Vis spectroscopy and scanning electron microscopy showed that MWCNTs are 
completely removed (See Figure 6.9 and Figure 6.10). In addition, the calcination of TiO2 
nanoparticles at 600°C for 1 hour showed little influence on the crystal structure and size 
of TiO2 nanoparticles (see Figure 6.11 for X–ray diffraction of TiO2). By removing 
MWCNTs via calcination, it is possible directly assess the effect of MWCNTs on the 
photocatalytic activity of TiO2 nanoparticle thin films.
**
  
 
Figure 6.9. UV–Vis absorbance spectra for MWCNT/TiO2 film (black line) and TiO2 
only film (red line) 
                                                          
**
 Although it would be desirable to compare the specific area of MWCNT/TiO2 films to single–
component TiO2 films, MWCNT/TiO2 LbL films with over 4000–bilayers (impractically large number of 
bilayers) would be required to determine the surface area of these films using the BET method 
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Figure 6.10. SEM images showing topography of (a) MWCNT/TiO2 and (b) TiO2 films. 
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Figure 6.11. XRD pattern for (a) TiO2–P25 calcined at 600
o
C for 1 hour and (b) 
untreated TiO2–P25 
 
The decomposition of a model contaminant (an organic dye, Porcion Red) by 
MWCNT/TiO2 nanocomposite thin films under UV irradiation was monitored using UV–
Vis spectroscopy. The photodegradation results shown in Figure 6.12 clearly show that 
the incorporation of un–oxidized MWCNTs enhances the photocatalytic activity of TiO2 
nanoparticle thin films. The kinetic analysis of dye decomposition under UV irradiation 
using a Langmuir–Hinshelwood model
158
 indicates that the incorporation of MWCNTs 
leads to approximately two–fold increase in the pseudo–first order rate constant. It is 
possible that the residual AOT could adversely influence the photocatalytic activity of 
as–assembled MWCNT/TiO2 films. Selective removal of AOT via thermal treatment at 
400 °C under N2, however, leads to a slight decrease in the rate constant compared to as–
assembled MWCNT/TiO2 films. This result could be due to a small loss of MWCNTs 
during the thermal treatment. Residual AOT in MWCNT/TiO2 films undergoes 
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degradation during photocatalysis as evidenced by Fourier transform infrared 
spectroscopy (FTIR) results as shown in Figure 6.13.  
 
Figure 6.12. Comparison of photocatalytic activity for 30–bilayer 50 mM TiO2 films with 
and without MWCNTs. 
 
 
Figure 6.13. FTIR spectra for (a) MWCNT/TiO2 nanocomposite before UV treatment 
(black) and (b) after UV treatment (red).  Peaks between 3000 and 2800 cm
–1
 represent 
alkane groups of AOT. 
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The effect of assembly conditions on the photocatalytic activity of MWCNT/TiO2 
nanocomposite thin films was also investigated. The photocatalytic rate constants (k) for 
25–bilayer MWCNT/TiO2 nanocomposite thin films fabricated at different assembly 
conditions are summarized in Table 6.2. The results show that, in general, the 
photocatalytic activity of the nanocomposite films increases as a function of [AOT], 
which indicates that a positive correlation exists between the composition, conductivity 
and photocatalytic activity of these nanocomposite thin films. These results again 
illustrate that the properties of MWCNT/TiO2 nanocomposite thin films assembled in 
non–polar media can be tuned by varying the assembly condition (i.e., the concentration 
of AOT). 
Table 6.2. Rate constants of photocatalytic reactions using 25–bilayer MWCNT/TiO2 
films assembled with different [AOT] 
[AOT] 
(mM) 
k 
(hrs
-1
) 
5 0.42 
50 0.52 
100 0.53 
200 0.58 
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6.4 Conclusions 
In conclusion, conductive and photocatalytic MWCNT/TiO2 nanocomposite thin films 
can be created by using LbL assembly in a non–polar solvent. LbL assembly in toluene is 
achieved by using the method developed in Chapter 3 which involves using a charge–
inducing agent, AOT, to impart a negative surface charge on MWCNTs and a positive 
surface charge on TiO2. An advantage of this new approach in the generation of 
MWCNT/TiO2 nanocomposites is that oxidation of MWCNTs is not necessary, thus 
preserving the efficacy of MWCNTs as an electron transporter. The incorporation of 
MWCNTs in these thin films significantly enhanced the photocatalytic activity of TiO2 
while the physicochemical properties of MWCNT/TiO2 could also be varied by 
controlling the assembly condition.  
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Chapter 7. Electrophoretic Deposition of 
Nanomaterials from Non–Polar Media 
 
7.1 Introduction 
In Chapters 3 and 6, nanocomposite films were fabricated via LbL assembly of 
oppositely charged species in a non–polar solvent toluene. However, a drawback to using 
LbL assembly for fabricating nanocomposite films is the slow processing speed. For 
example, the assembly of ~ 1 m MWCNT/TiO2 films typically takes over 12 hours. 
Although the spray–assisted LbL assembly method could alleviate the slow processing 
speed, the choice of toluene as a working solvent poses as a health hazard since 
dispersions have to be sprayed onto the substrate as a fine mist. The spin–assisted LbL 
assembly, a combination of conventional LbL assembly and spin–coating routine, offers 
significantly faster assembly speeds than the conventional dip LbL assembly but is 
however limited to small substrates (~ cm
2
).
159
 In addition, both spin– and spray–LbL 
assembly methods tend to waste material. 
The electrophoretic deposition (EPD) technique addresses the challenge faced 
with creating nanoparticle films via LbL assembly by offering a means to rapidly 
fabricate thick films over relatively large areas. EPD takes advantage of electrophoresis, 
the motion of charged colloids in dispersions under the influence of a dc electric field and 
deposition, the coagulation of particles to a dense mass.
160
 The EPD process has been 
extensively used to generate coatings, shape freestanding objects, and for infiltration into 
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matrices.
161, 162
 Advantages of EPD over other film fabrication techniques include its 
scalability, site–selectivity and control over deposition kinetics.
163
 EPD is typically 
performed in solvents in which particles readily acquire charge such as water, alcohols 
and ketones.
162
 EPD in non–polar solvents would be an advantageous process as 
electrolysis of the suspension solvent, especially in the case of water can be avoided. In 
addition, the absence of charged species in the solvent makes non–polar EPD a low 
current process therefore reducing ohmic heating.
161
 A small number of reports have 
demonstrated EPD of nanocrystals in which organic ligands added during synthesis 
promotes charging in non–polar solvents.
163
 These, nanocrystals charged by ligands can 
gain positive and negative charges, resulting in the deposition of materials on both 
electrodes.
164-166
 This deposition on both electrodes is disadvantageous for the fabrication 
of complicated configurations such as tubes and helices in which the electrode 
configuration is not parallel. 
One possible strategy to overcome this limitation of organic ligands is to use 
surfactant Aerosol–OT (AOT). AOT is shown in Chapters 3, 4, 5 and 6 to better control 
the sign and magnitude of particle charge in non–polar solvents. In this present chapter, it 
will be shown that common particles charged with AOT and other amphiphiles can be 
used to fabricate nanocomposite films via EPD since these dispersions fulfill the basic 
prerequisites for EPD – charge stabilization, homogeneity and electrophoretic 
mobility.
162
 In addition, the challenges faced with this new non–polar EPD will be 
discussed. 
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7.2 Experimental Section 
7.2.1 Materials 
Multi–walled carbon nanotubes (MWCNTs), carbon black (Conductex 7055 Ultra) and 
TiO2 (P25) are obtained from Cheap Tubes Inc., Columbian Chemicals and Degussa 
respectively. PHSA–stabilized PMMA particles in decalin are purchased from Andrew 
Schofield (University of Edinburgh). Toluene, methanol and concentrated sulfuric acid 
are purchased from Fisher Scientific while Aerosol–OT (AOT), acetic anhydride, 
dichloromethane and thymol blue are purchased from Sigma–Aldrich. Polystyrene (MW 
~ 190,000) is purchased from Scientific Polymer Products Inc. 
 
7.2.2 Synthesis of Partially Sulfonated Polystyrene 
Partially sulfonated polystyrene is prepared according to procedures described in 
literature.
167
 Briefly, concentrated sulfuric acid combined with excess acetic anhydride in 
dichloromethane is used to synthesize acetyl sulfate. Appropriate amount of acetyl sulfate 
is added slowly into polystyrene in dichloromethane under gentle stirring at 40 
o
C. The 
sulfonation reaction proceeds for 4 hours followed by termination of the reaction by 
addition of methanol. The addition of methanol is used to precipitate the polymer after 
which the precipitated polymer is washed multiple times with DI water. The polymer is 
dried in a vacuum oven around the glass transition temperature (Tg). The sulfonic acid 
content is determined by titration with a standard solution of NaOH with thymol blue as 
indicator. 
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7.2.3 Preparation of Particle Dispersions 
0.5 wt. % TiO2 and MWCNTs are prepared in AOT/toluene and sonicated for 1 hour to 
obtain fine suspensions. To formulate MWCNT/TiO2 dispersions, a set volume of 
MWCNTs is added to TiO2 to obtain MWCNT volume contents ranging from 0.5 – 5 %. 
The mixture is sonicated with a probe sonicator for 20 minutes to get homogenous 
dispersions. Carbon black in SPS dispersions are prepared by firstly sonicating 1 wt % 
carbon black in pure toluene for 1 hour. Next, 400 mM of SPS in toluene is prepared 
followed by dilution to 200, 100, and 20 mM SPS/toluene. A set volume of the 1 wt % 
carbon black suspensions is vigorously shaken to disperse the particles, and then mixed 
with an equal volume of each SPS/toluene solution to yield 0.5 wt. % CB dispersions in 
SPS/toluene. PMMA particles in decalin are transferred into pure dodecane through 
multiple centrifugation and redispersion steps. A set volume of dodecane containing 
PMMA particles is transferred directly into AOT/dodecane to obtain the desired volume 
fraction. 
 
7.2.4 Solution and Particle Characterization  
Electrophoretic mobility and particle size measurements are performed with a Beckman 
Coulter Delsa Nano–C. Electrophoretic mobility measurement are made for each 
suspension using a flow cell at an electric field of 85.2 V/cm. The solution conductivity 
of AOT/toluene and SPS/toluene is measured with a handheld conductivity meter (D–2 
Inc. model JF–1A–HH). 
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7.2.5 Electrophoretic Deposition 
EPD is performed inside a glass cuvette 4 cm wide and with a 1 cm path length. Two 
conducting fluorine–doped tin oxide (FTO) electrodes (Hartford Glass Co. Inc.) are 
connected to the negative and positive terminals of a high voltage dc power supply unit 
(Stanford Research Systems, model PS350). The dispersion for EPD is filled into the 
cuvette after which the power supply unit is switched on to the desired voltage. The 
power supply unit is turned off after the desired time and a syringe pump (Harvard 
Instruments, model PhD Ultra) is used to withdraw the dispersion from the cuvette at a 
set withdrawal rate. The electrode is subsequently removed from the cuvette and allowed 
to dry in air. EPD on insulating plastic sheets is performed by fixing the plastic sheet onto 
a stainless steel electrode followed by repetition of the aforementioned procedure. 
 
7.2.6 Sedimentation Image Analysis 
Two stainless steel electrodes 1 cm wide are placed on the opposite walls of a plastic 
cuvette 1 cm wide after which 3 mL of PMMA dispersion is added into the cuvette. A 
dark background is placed behind the cuvette as well as on both sides of the cuvette in 
order to improve the contrast between sediment and supernatant. The two stainless steel 
electrodes are connected to the positive and negative terminals of the high–voltage power 
supply unit. Parafilm is wrapped around the top of the cuvette and connecting leads in 
order to minimize interference within the dispersion from air. A digital camera is used to 
record the sedimentation process over a 15–minute interval. The recorded video files are 
converted to multiple image files, which provide a snapshot of the sedimentation process 
142 
 
at different time points. ImageJ is used to crop each image at the mid–point of the cuvette 
(see dashed line in Figure 7.4) to a new image one pixel wide. ImageJ is subsequently 
used to vertically stack each single pixel image to form an image montage of the 
sedimentation process. The change in sedimentation height with time is tracked by 
adjusting the threshold of each single pixel image with ImageJ to give two distinct 
regions corresponding to the sediment and supernatant. Since the image file is one pixel 
wide, the area fraction of the sediment region (as calculated with ImageJ) corresponds to 
the height of the sediment.  
 
7.2.7  Film Characterization  
Scanning electron microscopy (SEM) images of films are taken using an FEI 600 Quanta 
FEG ESEM at 5 kV and at a working distance of 10 mm. Thickness measurements are 
made with a Zygo NewView 6K series optical profilometer. To get an averaged film 
thickness, height profiles along a line segment are integrated and normalized with the 
length of the profile. TGA measurements are taken with a TA Instruments SDT Q600. 
Samples for TGA are prepared by scraping off films into a platinum TGA pan. The pan 
temperature is ramped from room temperature to 1000 
o
C at a ramp rate of 10 
o
C/min. 
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7.3 Results and Discussion 
7.3.1 EPD of Surfactant Stabilized Particles from Non–Polar Solvent for the 
Generation of MWCNT/TiO2 Nanocomposite Films 
In Chapter 6 of this thesis, the charge of TiO2 was shown to be positive for all AOT 
concentrations, (Figure 6.2b) thus making these dispersions favorable for EPD. EPD of 
TiO2 dispersions in 10 mM AOT/toluene at 300 V/cm is found to form ~ 3.5 m TiO2 
films exclusively on the negative FTO electrode within 20 seconds. MWCNT/TiO2 will 
be used as a model system to demonstrate the viability of the non–polar EPD technique 
for creating nanocomposite films. To create such nanocomposite films, dispersions of 
TiO2 in AOT/toluene containing different weight fractions of MWCNTs ranging from 0 – 
5 vol % are formulated. These dispersions are relatively stable for hours, unlike those 
used for heteroaggregation tests in Chapter 6 (Figure 6.3). In that instance, the volume 
ratio of MWCNTs to TiO2 was 1:1. The EPD of the MWCNT/TiO2 dispersions with 
varying concentration of MWCNTs gives ~ 6 m films with increasing darkness, 
indicative of the MWCNT content (Figure 7.1). Scanning electron microscopy (SEM) 
images reveal that the films formed are highly porous (Figure 7.2), furthermore, the 
MWCNTs are homogenously dispersed throughout the bulk of the film, making them 
advantageous for energy conversion devices such as dye–sensitized solar cells (DSSCs). 
The utility of using this non–polar EPD method for creating nanocomposite films is that 
thick films can be rapidly cast on a substrate. Furthermore, unlike in aqueous EPD, 
MWCNTs do not need to undergo harsh chemical oxidation treatment for charge 
stabilization,
168, 169
 in turn, preserving the unique electronic properties of the MWCNTs. 
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In addition, this method offers a means of incorporating more than two components 
within the film by simply changing the dispersion composition. 
 
.
 
Figure 7.1. MWCNT/TiO2 films formed by EPD of dispersions in AOT/toluene 
 
 
 
Figure 7.2. Cross–section SEM image of MWCNT/TiO2 films formed via EPD 
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Although the non–polar EPD approach resolves the third limitation of nanoparticle LbL 
presented in the thesis Introduction, the thickness of the films formed is found to vary 
significantly from the top to bottom of the electrode. To test if the change in thickness is 
specific to the amphiphile used, AOT, a different amphiphile, OLOA (polyisobutylene 
succinimide) is used. The long polyisobutylene tail allows OLOA to act as a steric 
stabilizer in addition to a charge control agent.
72
 Figure 7.3 shows that the thickness 
nevertheless increases down the electrode for EPD films formed from TiO2 in 
OLOA/toluene. This non–uniformity is undesirable for most applications of 
nanocomposite films since thickness influences the performance of the film. The next 
section will probe the origin of the thickness increase. 
 
Figure 7.3. Change in film thickness vs. relative position for electrophoretic deposition 
(EPD) of TiO2 dispersed in OLOA/toluene. The relative position is the distance from the 
topmost part of the film denoted by zero. 
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7.3.2 Field–Induced Sedimentation of Charged Particles in Non–Polar Solvents 
To probe the origin of EPD film non–uniformity, a model system of charged PMMA 
particles in AOT/dodecane in a dc electric field is used. In the experimental setup used 
(Figure 7.4) a dc electric field E is generated by applying a constant voltage V across two 
parallel stainless steel electrodes ~ 1 cm apart. Upon turning on the dc electric field, 
PMMA particles dispersed in AOT/dodecane within the cuvette begin to sediment rapidly 
with time. The sedimentation of PMMA particles is tracked by recording videos of the 
process with a standard digital camera. From these videos, the midpoint pixel line 
(dashed line in Figure 7.4) between two electrodes is used to create the sedimentation 
montages shown in Figure 7.5.  
 
 
Figure 7.4. Illustration of the experimental setup used in this study showing PMMA 
dispersion in 1 cm wide plastic cuvette, electrodes placed next to cuvette walls and single 
pixel line (dashed line) used for image analysis. 
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Figure 7.5a shows a typical montage created from the recorded videos. From this 
montage, it is clear that the PMMA particles are sedimenting over the 15–minute interval 
used. Multiple control experiments are performed to probe the origin of the sedimentation 
behavior. The first experiment involves using short electrodes one–third the size of the 
electrodes used in Figure 7.5a (the length of electrodes are depicted by red lines). Figure 
7.5b shows that upon turning on the dc field, sedimentation only occurs for parts of the 
dispersion within the dc field formed by the short electrodes. The sharp end to 
sedimentation at the bottom of the short electrodes implies that the dc field does not 
extend beyond this area. Next, a long electrode with the dc field on for 5 minutes is used. 
The sedimentation of particles immediately halts after turning off the dc field (Figure 
7.5c), leaving the dispersion stable. In Figure 7.5d, the dc field is intermittently turned 
on–and–off after 5–minute intervals. This result, along with those from Figure 7.5b,c 
imply that the applied dc field induces the observed sedimentation behavior. The role of 
AOT in this process is probed by applying a dc field (formed by a long electrode) to 
dispersions without AOT. In this case, the PMMA particles are found to undergo 
negligible sedimentation as shown in Figure 7.5e. In fact, these dispersions are almost as 
stable as PMMA particles in pure dodecane with no applied dc electric field (Figure 7.5f). 
Overall, the sedimentation behavior observed in Figure 7.5a is a result of two effects: (1) 
the applied dc electric field and (2) the presence of AOT in the dispersion.  
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Figure 7.5. Time lapse montages of 0.5 wt% PMMA particles in 100 mM AOT/dodecane 
with an applied dc electric field of 300 V/cm on for 15 minutes using (a) long and (b) 
short electrodes. In (c), the dc field is on for 5 mins and (d) intermittentally on–off–on–
off after 5 min intervals. In (e) and (f), PMMA particles are in pure dodecane with 300 
V/cm dc field and no applied dc field respectively. The parrallel vertical red lines depict 
the length of electrodes used. 
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7.3.2.1 Effect of Concentration of AOT and Particles on the Sedimentation Profile 
In the previous section, it was observed that particle sedimentation does not take place in 
the absence of AOT. This section investigates the effect of AOT concentration ([AOT]) 
on the sedimentation behavior of particles. In addition, the effect of PMMA particle 
concentration ( ) on the sedimentation profiles is explored. Figure 7.6a summarizes the 
types of sedimentation profiles observed for different combinations of [AOT] and . 
These can be classified as follows: (1) “slow” as shown by the red region and as 
exemplified by Figure 7.6b, (2) “moderately diffuse” as shown by the green region and as 
exemplified by Figure 7.6c, and (3) “sharp” as shown by the blue region and as 
exemplified by Figure 7.6d. For a constant , the sedimentation profile changes from 
negligible in the absence of AOT (Figure 7.5e) to slow to moderately diffuse and finally 
to sharp. Likewise, similar transitions in the sedimentation profiles are observed for 
dispersions with constant [AOT] and increasing .  
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Figure 7.6. (a) Sedimentation profiles of PMMA particles for different combinations of 
[AOT] and . The red region is characterized by diffuse/slow sedimentation as shown in 
(b), green by moderately diffuse sedimentation front as shown in (c) and blue by sharp 
sedimentation front as shown in (d). The dc field is kept at 300 V/cm. 
 
 
To compare the effect of [AOT] or  on particle sedimentation, the image analysis 
procedure described in the Experimental Section is used to convert the sedimentation 
montages to normalized heights (H/Ho) vs. time (t) plots. Here, H represents the interface 
height at a specified time t and Ho represents the initial height at time t = 0. The analysis 
procedure is performed for sharp sedimentation conditions (blue region in Figure 7.6a) 
since the sedimentation interface is well defined and can be tracked with high reliability. 
The normalized heights H/Ho in Figure 7.7a show that for a fixed dc field strength of 300 
V/cm and 0.005, the concentration of AOT has little effect on the sedimentation 
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profile of the dispersions with time. Furthermore, the overlapping data points at all times 
imply that the average sedimentation rate, defined as (H–Ho)/t, remains constant for all 
[AOT]. Likewise, the overlapping data points at early times in Figure 7.7b also suggests 
that the initial sedimentation rates are comparable for conditions in which varies while 
the dc field strength is fixed at 300 V/cm and [AOT] at 100 mM. However, at longer 
times, H/Ho begins to deviate for different s’. Specifically, at a fixed time point (for 
example, 800 seconds), H/Ho begins to decrease with . This implies that the average 
sedimentation rate decreases with .  
 
Figure 7.7.  Change in normalized sedimentation  height with time (a) for 0.5 wt % 
PMMA particles in DC field of 300 V/cm and variable [AOT] and (b) increasing  for 
PMMA particles in 100 mM AOT/dodecane in DC field of 300 V/cm. 
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7.3.2.2 Effect of Processing Parameters on Sedimentation Height 
Given that the dispersion conditions used ([AOT] and ) can have an effect on the 
sedimentation profile, it is plausible that the processing parameters, specifically applied 
electric field strength E can also influence the sedimentation behavior of PMMA 
particles. Figure 7.8a confirms that the H/Ho vs. time profile for a fixed [AOT] and  
indeed changes with the applied dc field strength E. In general, the initial sedimentation 
velocity (Figure 7.8b) as determined by the slope of H vs. time for short times, scales 
linearly with E. For longer times, the differences in H/Ho at a fixed time point suggests 
that the average sedimentation rate increases with applied field strength for E  300 
V/cm and becomes comparable for 400 and 500 V/cm conditions. Furthermore, the 
induction time (i.e. the time elapsed before sedimentation begins for particles located at 
the single pixel image processing line shown by the dashed line in Figure 7.4), rapidly 
decreases and plateaus as E increases from 50 to 500 V/cm (Figure 7.8c). 
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Figure 7.8. Change in (a) normalized sedimentation height with time, (b) initial 
sedimentation velocity with applied dc field strength and (c) induction time with dc field 
strength. Samples are 0.5 wt % PMMA particles in 100 mM AOT/dodecane. Error bars 
represent standard deviations of three measurements. 
154 
 
7.3.2.3 Proposed Mechanism for Field Induced Sedimentation 
To identify the origin of the rapid sedimentation behavior observed, the dimensionless 
Péclet number of a spherical particle   (i.e. the ratio between two energy 
terms – energy gained due to settling and thermal energy) is examined.
170
 Here, a 
represents the particle radius while g is the gravitational acceleration,  the density of the 
fluid and  the density of the sphere. Based on this balance between settling and thermal 
energy, it follows that particles should sediment (the non–Brownian limit) when Pe >>1. 
For the PMMA particles dispersed in AOT/dodecane, a ~ 85 nm yielding a Pe << 1, 
hence Brownian diffusion dominates and particles do not settle and remain stable for 
prolonged times as shown in Figure 7.5f. However, the rapid sedimentation of PMMA 
particles in the presence of the dc field suggests that , the critical radius into 
the non–Brownian regime (i.e. where Pe ~ 1). This calculation suggests that particle 
aggregates form within the applied dc field leading to their sedimentation.  
To show such aggregation, optical microscopy is used to observe larger (~3µm) 
PMMA particles dispersed in 100 mM AOT/dodecane within a dc field. Figure 7.9a 
shows that at early times, particles are initially well dispersed in AOT/dodecane, 
however, particles begin to move towards the positive electrode and form linear 
aggregates as shown in Figure 7.9b,c. In fact, the formation of columns of particles for 
suspensions within high dc fields is well studied and has been utilized as 
electrorheological (ER) fluids.
171, 172
 In such systems, particles are polarized by the 
applied electric field resulting in an effective dipole moment for each particle. The 
induced dipole–dipole moment between particles results in their linear aggregation along 
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the electric field lines as seen in Figure 7.9b,c.
172
 Close examination of Figure 7.9c shows 
that not all linear aggregates comprise of the same number of particles, instead, there is a 
distribution in the number of particles forming linear aggregates. These linear aggregates 
formed most likely increases the hydrodynamic radius of the aggregates and eventually 
lead to the rapid sedimentation of PMMA dispersions in dc fields. 
 
Figure 7.9. Optical microscopy images of ~3 m PMMA particles in 100 mM 
AOT/dodecane in a dc field after (a) 1 sec, (b) 60 secs and (d) 80  secs. The scale bar is 
40 m.  
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To understand the formation of linear aggregates within the dc field, the conductivity of 
AOT/dodecane solutions as well as the electrophoretic mobility (a measure of particle 
charge) of PMMA particles dispersed in AOT/dodecane is measured for different 
dispersion conditions. Pure dodecane is highly insulating, however, the conductivity of 
AOT/dodecane solution is believed to arise from the presence of charged reverse micelles 
formed through the spontaneous disproportionation process whereby two neutral micelles 
form oppositely charged micelles (2M
o
 ↔ M
+
 + M
–
). Although only a tiny fraction ( ~ 
10
–5
) of neutral micelles become charged through this process, the overall increase in the 
number of charged reverse micelles with the amount of added AOT (i.e. [AOT]) results 
in the increase in solution conductivity with [AOT] shown in Figure 7.10a. In Figure 
7.10b, the electrophoretic mobility of PMMA particles is found to be invariant for  = 
0.005 and with relatively high [AOT] between 50 – 200 mM as shown by the black 
symbols and bottom axis. This result agrees with previous studies that have shown high 
charge for polymeric particles at low CCA concentrations followed by a gradual plateau 
in the charge at higher CCA concentrations.
112, 114
 In addition, for a fixed [AOT] of 100 
mM, the electrophoretic mobility of PMMA particles does not vary significantly for up 
to 0.0075 as shown be the red symbols and top axis in Figure 7.10b. The decrease in the 
magnitude of electrophoretic mobility for = 0.01 is possibly due to double–layer 
overlap
173
 which occurs as the distance between two colloids approaches the screening 
length .  
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Figure 7.10. (a) Change in solution conductivity of AOT/dodecane for increasing [AOT] 
and (b) Electrophoretic mobility of 0.5 wt% PMMA particles for variable [AOT] (bottom 
axis) and for variable concentration of PMMA particles in 100 mM AOT/dodecane (top 
axis). Error bars represent standard deviations of three measurements for (a) and six 
measurements for (b). 
 
As previously mentioned, the sedimentation of PMMA particles occurs only for 
dispersions doped with AOT. This result agrees with a finding in which sterically 
stabilized particles of PMMA in oil were found to be ineffective as ER fluids when free 
of moisture or surfactants.
171
 In fact, additives such as surfactants are often added to ER 
formulations to promote particle polarization. These additives are believed to mediate 
ionization, and polarization ascribed to distortion of the double–layer by electric fields
171
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or to increase the conductivity on particles and thus enhance interfacial polarization.
174
 In 
turn, the ER response is dependent on ion content and particle surface area.
175
 In the 
system used in this study, the AOT reverse micelles formed in solution yield a double–
layer, which can be polarized under the influence of the electric field leading to the linear 
aggregation of particles. The ratio of reverse micelles to particle surface area is found to 
affect the nature of the sedimentation front as shown in Figure 7.6. In general, for a fixed 
, the sharpest sedimentation front occurs for high [AOT] in which more charged reverse 
micelles are present (as implied by the increase in solution conductivity with [AOT] in 
Figure 7.10a), thus facilitating the polarization and linear aggregation process. The 
electrophoretic mobility (Figure 7.10b), however, has minimal influence on the 
sedimentation process; for example, dispersions with  have 
comparable electrophoretic mobilities and yet have different average sedimentation 
velocities as shown in Figure 7.7b.  
The aggregation kinetics of colloids in a dc field is helpful for understanding the 
changes in sedimentation rate for different dispersions (i.e., [AOT] and ) and processing 
conditions (dc field strength E). For three–dimensional systems, the average size s of 
linear aggregates scales as .
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  The scaling of  implies that larger 
linear aggregates will form with increasing applied field strength E. Hence, this increase 
in aggregate size with E will translate to an increase in the initial sedimentation velocity 
as well as average sedimentation rate as observed in Figure 7.8a,b. The scaling of
 also implies that larger linear aggregates should form with increasing . One would 
expect that the average sedimentation velocity should increase with  (i.e. at a fixed time 
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point, the normalized sedimentation height H/Ho should decrease with ), however, the 
opposite effect whereby the average sedimentation velocity decreases with  is rather 
observed. This decrease in average sedimentation velocity is most likely a result of 
hydrodynamic/crowding effects retarding the sedimentation process as  increases .
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7.3.2.4 Effect of Electric Field – Induced Sedimentation on Electrophoretic 
Deposition of Charged Colloids in Non–Polar Media 
The non–uniformity in non–polar EPD films formed as shown in Figure 7.3 can be 
attributed to the rapid field–induced sedimentation of charged particles during the EPD 
process. As sedimentation proceeds with time, a concentration gradient forms down the 
dispersion such that the bottom portion is more concentrated than the top at any given 
time. Since the particle concentration increases down the dispersion container, the 
number of particles capable of depositing will also increase down the electrode thus 
resulting in non–uniform EPD films. Figure 7.7b showed that the sedimentation rate 
slows with increasing , therefore, a possible way to circumvent this problem would 
involve increasing the EPD dispersion concentration. Furthermore, stirring could be used 
to gain homogenous dispersions although the stirring rate would affect the deposition 
kinetics.
178
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7.3.3 EPD of Polymer Stabilized Particles 
The majority of this thesis has used an amphiphile AOT to charge and stabilize particles 
in non–polar solvents, however, an acid co–polymer, partially sulfonated polystyrene 
(SPS) with a ~3 % sulfonation level (henceforth denoted as SPS3) has also been found to 
be an excellent dispersant for particles in non–polar solvents. In fact, SPS3 tends to 
charge carbon black such that the charge is negative below a 1 mM concentration and 
positive above this concentration as shown below in Figure 7.11. At this point, the 
charging mechanism of SPS is unclear; however, it is quite plausible that particles remain 
dispersed by both electrostatic repulsion and steric stabilization. 
 
Figure 7.11. Change in electrophoretic mobility (left axis – triangle symbols) and size 
(right axis – circle symbols) of carbon black particles dispersed in SPS3/toluene.  
 
The charged CB dispersed in SPS3/toluene is used for EPD on a conducting FTO 
electrode. In the EPD process, the mass of deposited particles (which is proportional to 
the thickness) scales with time t, applied potential E and particle zeta potential ζ.
162
 
Figure 7.12 shows that these three parameters can indeed be used to control the thickness 
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of CB/SPS3 films. For example, in Figure 7.12a, the thickness of films formed increases 
monotonically with time, which is typical in polar EPD.
160
 Furthermore, for fixed 
deposition times, an increase in the applied field strength E from 200–400 V/cm 
systematically increases the thickness of films. Figure 7.12b shows that the charge of 
particles, as controlled by [SPS3] (see Figure 7.11) can also be used to control the 
thickness of the CB/SPS3 films. 
 
Figure 7.12. Change in film thickness (a) with time for carbon black dispersed in 10 mM 
SPS3/toluene and at different dc field strengths and (b) with SPS3 concentration for 
different deposition times and a dc field strength of 400 V/cm. 
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Scanning electron microscopy (SEM) images of the CB/SPS3 films formed (Figure 7.13) 
reveal that the films are highly porous. SPS3 appears to form a conformal layer over CB 
particles rather than fill the void space between CB particles. This can be attributed to the 
low composition of SPS3 within the film, ranging from ~ 8 – 17 wt % with increasing 
[SPS3] as shown in Figure 7.14. 
 
 
Figure 7.13. SEM image of CB/SPS films formed using 10 mM SPS. 
163 
 
 
Figure 7.14. (a) TGA thermogram of CB/SPS film. The solid lines represent weight % 
change with temperature (left axis) while the dashed line represents the derivative of 
weight with respect to temperature (right axis). (b) Change in composition of CB/SPS 
films with concentration of SPS in CB/SPS dispersions. 
 
The deposition of materials via EPD is typically performed on conductive substrates. 
EPD on non–conducting surfaces has been performed on porous supports in which a 
“conductive path” forms between the pores of the non–conducting substrate.
179
 EPD on 
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polymer surfaces has been limited to deposition on ultra–thin layers of co–polymers
180
 or 
conductive plastic substrates which are typically expensive.
181
 However, SPS3–stabilized 
particles in toluene are found to deposit well on thick insulating polymer sheets, for 
example, Figure 7.15 shows CB/SPS3 deposited on Saran™ wrap. While the plain sheet 
is insulating (Figure 7.15a), the sheet covered with CB/SPS3 is found to be highly 
conductive (Figure 7.15b) due to percolation of the conductive CB particles. 
Furthermore, the sheet retains some degree of its original flexibility (Figure 7.15c). 
 
Figure 7.15. Photograph of Saran™ wrap (a) with insert showing sheet is not conductive, 
(b) coated with CB/SPS with insert showing that the sheet is conductive and (c) close up 
picture of Saran™ wrap coated with CB/SPS. 
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Although the exact mechanism leading to deposition on insulating surfaces remains 
unclear, it is more than likely that the absence of charge carriers, as noted by the low 
solution conductivity of SPS/toluene compared to AOT/toluene (Figure 7.16) plays a 
critical role in the deposition process.  
 
 
Figure 7.16. Comparison between conductivity of SPS/toluene and AOT/toluene 
solutions. 
 
7.4 Conclusions 
In conclusion, the limitation of nanoparticle LbL to slow speeds is addressed in this 
chapter by using an alternative film fabrication technique, EPD, to fabricate 
nanocomposite films. EPD is achieved by using surfactant AOT to charge and disperse 
TiO2 and MWCNT/TiO2 in a non–polar solvent toluene. However, the films formed via 
EPD are characterized by significant film thickness gradient from the top to bottom of the 
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electrode. This non–uniformity in film thickness is shown to be a result of field–induced 
sedimentation of particles within the dc field. An acid co–polymer, partially sulfonated 
polystyrene with a ~3 % sulfonation level (SPS3) is also shown to be a promising 
dispersant for particles in non–polar solvents. Furthermore, CB particles charged by 
SPS3 could be used for EPD on insulating polymer sheets. This new non–polar approach 
to EPD will undoubtedly broaden the range of materials to be incorporated as well as the 
types of substrates on which films can be cast. 
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Chapter 8. Conclusions and Outlook 
 
8.1 Conclusions 
In Chapter 1 of this thesis, the limitations of nanoparticle layer–by–layer (LbL) assembly 
to a narrow processing window, aqueous solution and slow processing speeds were 
presented. It was shown that these limitations could be addressed by using amphiphiles as 
summarized in the following paragraphs. 
Chapter 2 addressed the limitation of aqueous nanoparticle LbL assembly to a 
narrow processing window. Here, a small amphiphilic molecule, hexylamine (HA), was 
used to widen the processing window of all–nanoparticle TiO2/SiO2 LbL assembled thin 
films. The growth of TiO2/SiO2 films was shown to significantly increase compared to a 
prior study within the same pH range. The increase in the growth of films was shown to 
be a result of complete charge inversion of the surface, enabling the adsorption of 
negatively charged SiO2 nanoparticles. This new approach of using short amphiphilic 
molecules to enhance the growth of nanoparticle LbL assembled thin films will be 
helpful for performing LbL assembly of oppositely charged nanomaterials in a broad pH 
range. 
Chapter 3 demonstrated that LbL assembly of oppositely charged materials can be 
performed in a non–polar solvent, toluene, thus resolving the limitation of nanoparticle 
LbL assembly to aqueous solution. A surfactant, AOT, was used to induce negative and 
positive surface charge on carbon black (CB) and Al2O3, respectively such that that LbL 
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assembly of CB/Al2O3 films could be performed on glass slides. Chapter 4 examined the 
role of moisture content and surface chemistry (as controlled by thermal treatment) on the 
charge of model particles, silica in AOT/toluene. Both parameters were found to have a 
significant effect on the charge of silica particles in AOT/toluene. The results gathered 
emphasize the importance of carefully controlling the surface chemistry and water 
content in particle dispersions in order to enhance the reproducibility of electrophoretic 
mobility measurements in non–polar media. Furthermore, water content and surface 
chemistry, in addition to the concentration of the charge–inducing agent, provide a new 
means to control the charging of colloids in non–polar media. Meanwhile, Chapter 5 
linked Chapters 3 and 4 by showing that relative humidity affects the growth and quality 
of LbL assembled CB/Al2O3 films. In general, for a fixed [AOT] the thickness of 
CB/Al2O3 films was found to increase as relative humidity decreases, thus emphasizing 
the importance of controlling the water content in particle dispersions used during LbL 
assembly in non–polar solvents.  
Chapter 6 applied the non–polar LbL assembly technique developed in Chapter 3 
to fabricate conductive and photocatalytic MWCNT/TiO2 films. An advantage of the 
non–polar LbL assembly approach in the generation of MWCNT/TiO2 nanocomposites is 
that oxidation of MWCNTs is not required, thus preserving the electron conducting 
properties of MWCNTs. The incorporation of MWCNTs in these thin films significantly 
enhanced the photocatalytic activity of TiO2 while the physicochemical properties of 
MWCNT/TiO2 films could be varied by controlling the assembly condition used (i.e. 
[AOT]).  
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Electrophoretic deposition (EPD) of MWCNT/TiO2 from non–polar solvent was 
shown in Chapter 7 to be a viable means of speeding up the assembly of nanocomposites. 
However, a drawback to the non–polar EPD approach is that non–uniform films are 
formed due to field–induced sedimentation of particles. EPD in non–polar solvents with 
partially sulfonated polystyrene (SPS) as a dispersant was shown in Chapter 7 to be 
viable means of forming coatings on insulating surfaces such as polymer sheets. 
 
 
8.2 Suggestions for Future Research 
8.2.1 Fundamental Studies 
 
8.2.1.1 Effect of Selected Amphiphilic Molecule on Widening the LbL Assembly 
Processing Window 
The work covered in Chapter 2 was based on only one amphiphile, hexylamine. Work 
done in this group has shown that another amphiphile hexadecyl trimethyl ammonium 
bromide (HTAB) can screen the surface charge of silica as well as increase the LbL 
assembly film growth as shown in Figure 8.1 and Figure 8.2 respectively. Therefore, 
future studies could involve studying the effect of the selected amphiphilic molecules 
(i.e., the chemical structure of the head group, the length of hydrophobic tail etc.) on the 
growth behavior and structure (i.e. porosity and composition) of all–nanoparticle LbL 
assembled thin films. 
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Figure 8.1. Zeta potential of SiO2 nanoparticles as a function of (a) pH for: no 
amphiphile added, 1 mM hexylamine and 1 mM HTAB added to SiO2 nanoparticle 
dispersions (b) concentration of amphiphile at pH 5.0. Error bars represent standard 
deviation of three measurements. Data courtesy of Jeanne W. Ho.  
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Figure 8.2. pH matrix for TiO2/SiO2 LbL thin films with 1 mM HTAB in SiO2 
nanoparticle suspensions. Data courtesy of Jeanne W. Ho. 
 
8.2.1.2 The Nature of Charged Particle Interactions in Non-Polar Solvents 
While the experimental results shown in Chapters 3, 5 and 6 suggest that electrostatic 
interactions could play a key role during LbL assembly in non–polar solvents, the relative 
significance of electrostatic interactions compared to other attractive forces such as van 
der Waals and depletion interactions was not established and warrants further study. 
Electrostatic interactions, protonation events and hydrogen bonding generally result in 
strongly exothermic binding, whereas associations giving rise to the release of 
counterions are entropic in nature. Isothermal Titration Calorimetry (ITC) could be used 
to study the heteroaggregation of oppositely charged particles in non–polar solvents. The 
thermodynamic results gathered from ITC measurements will provide new insight into 
whether heteroaggregation in non–polar solvents is electrostatic (i.e. enthalpic) or 
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involves release of counterions (i.e. entropic) in nature.
182
 This result can then be used to 
deduce the nature of the attractive forces between charged particles in non–polar solvents 
during non–polar LbL assembly. Furthermore, the effect of increasing moisture content 
on the nature of attractive forces between particles would be helpful for a deeper 
understanding on the findings presented in Chapter 5. 
To complement ITC measurements, atomic force microscopy (AFM) could be 
used to determine if particle–surface interactions are electrostatic, and if so, whether they 
are constant potential (CP), constant charge (CC) or charge regulated (CR) in nature.
183
 
An advantage of using AFM for these force measurements lies in the fact that the 
measurements can be performed in liquid phase. Furthermore, both repulsive and 
attractive forces can be measured with AFM.  
 
8.2.1.3 Acidity in Non–Polar Media 
Adsorbed water was found to make the surface of as–received and dehydroxylated silica 
more basic; however, the exact mechanism of charge reversal warrants further study. 
Future work could involve using the Hammett indicator method to directly quantify the 
acid–base properties of as–received and thermally treated silica, and AOT micelles in 
toluene.
121
 Furthermore, the Hammett indicator method can be extended to a broad range 
of common particles in order to establish a relationship between the Hammett acidity of 
the particles in non–polar solvent and the acquired charge. 
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8.2.2 Fabrication of Functional Materials 
The simplicity of the non–polar LbL assembly and EPD procedure is advantageous for 
creating nanocomposite thin films of ceramics and conductive materials. Future studies 
could involve assembling composite structures composed of carbon and metal oxides 
since these have been investigated for various applications such as catalysts,
184
 
adsorbents
185
 and conductive nano–powders.
186
 Furthermore, other functional materials 
such as magnetic nanoparticles, quantum dots and conjugated polymers synthesized in 
non–polar solvents could potentially be charged and incorporated into nanocomposite 
thin films based on non–polar LbL assembly or EPD. Such possibility will enable these 
films to be used as electrodes in power generation and storage devices as outlined 
below.
187-189 
  
8.2.2.1 Dye–sensitized Solar Cells (DSSCs) 
The MWCNT/TiO2 composite films generated in Chapter 7 are excellent candidates for 
dye–sensitized solar cells (DSSCs). Preliminary attempts at using MWCNT/TiO2 films 
formed via EPD for DSSCs have not been successful. For example, Figure 8.3 shows that 
the maximum current produced, known as the short circuit current Isc (the current 
produced at zero voltage), for MWCNT/TiO2 films used as DSSC electrodes is much 
smaller compared to TiO2 only films used as electrodes. This is attributed to poor 
adhesion between the film and conducting working electrode and could be resolved by 
using atomic layer deposition (ALD) of TiO2 since previous studies in our group have 
shown that ALD enhances the mechanical properties of LbL assembled films.
26
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Figure 8.3. Current–voltage (I–V) curves for TiO2 only and CNT/TiO2 nanocomposite 
films of varying thicknesses. 
 
In addition, a conformal TiO2 layer around the MWCNT/TiO2 composite could facilitate 
charge transport within the film. Future studies could also utilize in situ polymerization 
via initiated chemical vapor deposition (iCVD) to deposit polymeric electrolytes within 
the MWCNT/TiO2 film.
190
 Furthermore, EPD offers an added advantage of control over 
the layering sequence, e.g. a MWCNT film can be deposited atop TiO2 layer (Figure 8.4) 
to improve charge transfer between the TiO2 film and the working electrode.  
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Figure 8.4. SEM image of nanostructured layered TiO2/MWCNT film fabricated via 
EPD from AOT/toluene. 
 
8.2.2.2 Photogenerated Water–Splitting 
Prior studies have shown that the CNT/TiO2 films are also excellent for hydrogen 
generation during photogenerated water–splitting,
191
 however preliminary results for the 
degradation of water/methanol solution with 10 g platinum as a co–catalyst shows that 
incorporation of SWCNTs does not increase hydrogen production (Figure 8.5). Future 
studies could attempt to resolve this discrepancy by varying the SWCNT content within 
the films, platinum co–catalyst loading, thickness of films as well as type of CNTs used 
(i.e. SWCNTs vs. MWCNTs). 
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Figure 8.5. Hydrogen produced versus time for TiO2 only EPD film and SWCNT/TiO2 
films with 0.05 and 0.5 wt % SWCNT content for photogeneration of water/methanol 
solution with 10 g platinum co–catalyst.  
 
8.2.2.3 Fuel Cell Membranes 
Fuel cells such as proton exchange membrane (PEM) fuel cells often use ion–conducting 
polymers (ionomers) such as Nafion to transport protons within the cell. Nafion could 
potentially be substituted with sulfonated polystyrene (SPS), thus the nanostructured 
CB/SPS films formed via EPD could be excellent candidates as polymer electrolyte 
membrane (PEM) fuel cell electrodes since these films would have both electron– and 
proton–conducting properties.  
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